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Summary
The study of the seismic vulnerability of historic buildings has become an autonomous 
research field, mainly in the wake of some catastrophic seismic events which occurred in 
Europe in the 80’s. These events and the damage caused to buildings, particularly when 
historical, highlighted the need for suitable and reliable tools to calibrate the intrinsic 
vulnerability of buildings, the associated seismic risk and to develop appropriate strategies for 
mitigating their damage.
Although many different approaches have been developed over the years, the seismic 
vulnerability of existing buildings has so far focused mainly on monumental or individual 
historic buildings, while ordinary “anonymous” buildings making up the bulk of historic 
European centres have been almost neglected. One of the reasons for this neglect is the 
difficulty of modelling the wide heterogeneity and complexity of a typical historic centre in a 
reliable and at the same time extensive way. Most procedures developed so far are based on 
drastic simplification and generalisation of the construction characteristics, and hence are 
inadequate for predicting the mechanical performance.
The objective of this work is the evaluation of the seismic vulnerability of masonry 
buildings with a focus on ordinary historic buildings.
The method proposed, named FaMIVE (Failure Mechanisms Identification for 
Vulnerability Evaluation), enables analysis of medium-size samples of buildings without 
foregoing a detailed understanding of their constructive and structural layout.
The approach pursued is based on the identification of feasible collapse mechanisms and 
on the calculation of their associated load factors. The mechanical performance is defined by 
a model of frictional behaviour developed specifically, on the basis of which the failure 
mechanisms are formulated.
This formulation gives rise to a new definition of seismic vulnerability by predicting not 
only the extent of expected damage but also the associated feasible failure modes.
The work is organised by introducing in Chapter 1 a review on the state of the art in this 
research field outlining results achieved and general limits of the available literature. This
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preliminary review enables a possible way to develop the research to be sketched out, and 
also to introduce the methodological assumptions for the new procedure.
Chapter 2 introduces the theoretical basis of the work, by formulating a model for the 
frictional behaviour of stone ashlars masonry, followed by the analytical developments of 
failure mechanisms. Chapter 3 describes the general framework of the procedure, ranging 
from the survey phase and criteria of data collection to the final evaluation of vulnerability. 
Chapter 4 presents the results of a survey carried out in the historic town of Nocera Umbra 
(Italy), hit by several seismic shocks in September-October 1997. This Chapter illustrates the 
damage investigated as well as the constructive features recorded according to the 
investigation criteria presented in Chapter 3.
Finally, in Chapter 5 the results of applying the method, in terms of expected damage and 
vulnerability, enable the approach proposed to be validated and its limits to be highlighted.
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CHAPTER 1 
INTRODUCTION TO THE RESEARCH TOPIC
1.1 Introduction
This Chapter presents the state of the art on the research topic, in order to outline the 
methodological assumptions of the new method.
Once the seismic vulnerability has been presented in a general context, as one of the 
factors defining the seismic risk, together with some associated physical entities, a critical 
discussion on the literature available on the topic is pursued. Particular attention is paid to 
methods based on structural approaches, with a special section dedicated to those based on 
failure mechanisms and limit states.
Using this review process some conclusions can be drawn about the effectiveness of the 
various approaches, so that the theoretical framework for developing the research can be 
outlined.
A final section is devoted to a survey, carried out using photographic material from 
different earthquakes, aimed at recognising common failure mechanisms occurring in historic 
centres, following a seismic event. The results achieved, are assumed as operative tool for 
developing the new method.
1.2 Seismic Risk and Vulnerability: definitions
The seismic risk, defined by an international convention agreed upon in 1979, refers to 
the expected losses, following catastrophic events, in a region or population, or a settlement of 
buildings, over a specified time period (UNDRO, 1979).
According to the definition of the element at risk, the risk may be measured in terms of 
expected economic loss, in terms of the numbers of lives lost, or the extent of physical 
damage to property, where appropriate damage assessment is available (Cobum et al., 1992). 
The damage severity, and therefore the risk itself, depends on three orders of factors:
• Nature, number and intensity of earthquake which could occur in a given area;
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• Distribution of resources and population exposed;
• Capacity of the resources to survive the event, measured by the effects which 
earthquakes could produce on settlements;
These aspects are strictly linked to three variables named hazard, exposure and vulnerability.
Hazard is the probability of an earthquake or earthquake effects of a certain severity 
occurring within a specific period of time in a given area. Therefore it is strictly linked to the 
physical characteristics of seismic events.
Exposure and vulnerability refer to the quantity and quality of resources exposed to the 
seismic hazard, and also to the number of people involved and their ability to react (CNR- 
GNDT, 1993).
These three variables all refer to a given territorial area, clearly located and defined, and 
can be related by the following formulation of seismic risk (UNDRO, 1979):
where, for each element i for which the risk is to be evaluated:
[Xij] is the risk; the probability of loss of element i due to earthquake ground motion 
of severity j;
[Yj] is the hazard; the probability of experiencing earthquake ground motion of 
severity j;
[Vij] is the vulnerability, the level of loss that element i would undergo as a result of 
experiencing earthquake ground motion of severity j;
13 Earthquake characteristics and damage
An effective and synthetic definition, proposed by Sandi, compares the seismic 
vulnerability of a building to its seismic performance, by means of a cause-effect law, 
according to which the earthquake is the cause while the damage is effect (Sandi, 1986).
Vulnerability can be most easily defined by the degree of loss of a given element at risk 
resulting from the occurrence of a specified earthquake (EERI,1984).
d -i)
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These two definitions clearly illustrate that seismic vulnerability is strictly linked on the 
one hand to the physical event (earthquake), on the other hand to damage, while the relation 
between these two variables has to be assessed.
As the definition of these parameters usually changes from method to method, a 
clarification of their nature is required.
The earthquake characteristics are generally described in terms of either macro-seismic 
intensity I, or in terms of peak ground acceleration PGA, sometimes measured as a ratio to the 
gravitational acceleration g. Although hard to assess, the passage from one parameter to the 
other can be carried out using specific methods, proposed by several authors (Murphy et al., 
1977, Margottini et al., 1993). The weak point of macro-seismic intensities is that they are 
based on damage effects, and hence can be influenced by a subjective component. On the 
contrary, the peak ground acceleration PGA is a physical entity, though strictly related to a 
limited geographic area, as deeply influenced by soil characteristics .
A more rigorous way to describe the seismic action is represented by the amount of 
energy released by the earthquake at its focus, known as the magnitude, M. However, this 
variable is rarely used for vulnerability evaluations, as rather difficult to correlate with the 
structural performance of buildings.
The damage can be described in several ways, i.e. based on economical estimates, or 
scales with qualitative descriptions, or by the use of structural parameters.
The first criterion usually expresses the cost of repairs of the damaged item in 
comparison with the total reconstruction costs. The main problem with this method is how to 
compare the variable, working in a continuous interval (0,1), between different areas because 
this is strictly linked to the social-economical characteristics of the place in question. 
Moreover, it is extremely variable with time and location, so that a comparison between 
damage occurred in different areas hit by different earthquakes is not possible (CNR-GNDT, 
1993).
Damage as defined by the Italian Group for Defence against Earthquakes (GNDT), is 
also based on economic estimates, and defined by a hybrid variable, depending both on the 
extent and gravity of the damage in the different parts of the building together with their 
economic weight (Benedetti et al, 1984a).
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When defined by qualitative descriptions (light, heavy etc), such as the damage scenarios 
of macro-seismic scales, every damage level is described with accuracy and is associated with 
a given extent. The disadvantage of this method is that it does not work on a numerical scale, 
and hence the damage assessment can be influenced subjectively by the surveyor.
Finally, the damage can also be expressed in structural terms. In this case the 
performance of the building in terms of evaluation of its structural “response” has to be taken 
into account.
The problem is basically dynamic in nature, since the response of a structure can be 
defined by comparing the frequency content of the earthquake with the natural frequency of 
the building, its energy dissipation and its deformation capacity.
1.3.1 Vulnerability functions: general purposes and common formulations
The relation between earthquake and damage forms the crucial issue around which this 
field of research has developed for several years.
As a matter of fact, only after formulating appropriate functions establishing a relation 
between earthquake and damage is it possible in general to move on from the observed 
vulnerability to the predicted vulnerability.
While the former one refers to assessments deriving from direct observations of damage, 
or based on statistics of past earthquake damage, the latter one refers to the estimates of 
expected behaviour of buildings based on calculations and forecasting criteria.
For a vulnerability function to be reliable, it must fit the observed vulnerability data, that 
is past earthquake damage information.
A vulnerability function can be defined according to either probabilistic or deterministic 
approaches. Because of the uncertainty of the variables dealt with, a proper way to define a 
vulnerability function is the probabilistic criterion, according to which every value of the 
earthquake (y), corresponds to infinite possible values of damage (d). A value of conditioned 
probability density p-dy function is associated to each of them.
In the same way, for each value y  it is possible to express two functions p{y 10} and 
p{y 11} which determine the probability density of y  as regards the value 0 and 1 of the 
damage index, ranging from 0 and 1. Figure 1-1 shows a generic vulnerability function
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defined by a probabilistic approach. In the same figure yx and yc refer to the earthquake 
parameters respectively at the beginning and at the end of damage.
Figure 1- 1 -  Vulnerability function defined by probabilistic approach (CNR-GNDT, 1993)
If, in place of a probability function, a non-continuous function is assumed, the 
conditioned probabilities P{d I y} refer to a finite number of couples dh, yk.
In this case Damage Distribution Diagrams or Damage Probability Matrix (DPM) can be 
produced, whose generic element is P{ dh\yk-}-
The DPMs, first used by Whitman (Whitman, 1973), show the probability distribution of 
damage among different damage states, for each level of ground shaking. A separate matrix is 
defined for each class of building or vulnerable facility.
This criterion was first used following the San Fernando earthquake of 9 February 1971, 
which caused damage to approximately 1600 buildings, with 5 or more storeys.
The basic assumption of this procedure is that in any location hit by destructive 
earthquakes, buildings generally suffer different states of damage. Once the buildings are 
divided into representative structural classes, the damage distribution for each class, relative 
to a given macro-seismic intensity, can be described by means of histograms or matrix.
This kind of distribution is strictly related to the severity of ground motion so that, 
generally, where high intensities have been experienced, the damage probability distribution 
peaks for high levels of damage (Cobum, et al., 1992).
This format of a damage probability matrix has become the most widely used criterion to 
define the probable distribution of damage, adapted by several authors for different purposes.
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The advantage of DPMs is that they can be used for forecasting purposes, by predicting 
the damage levels for similar classes of buildings at any given level of intensity of ground 
shaking. However, their validity is restricted to a specific geographic area, so that their 
application to other different sites is arbitrary and scarcely reliable.
An alternative set of vulnerability functions related to commonly observed building types 
in earthquake prone areas, has been developed by Spence et al. (1991). The novelty of this 
approach is the definition a new intensity scale associated to damage distribution, avoiding 
the use of macro seismic intensities. The procedure is based on data collected during different 
case studies of damage caused by a number of earthquakes from a range of different 
countries. Five different damage grades are considered. For each building type the scatter of 
the intensity at which each individual structure passes a given damage threshold is assumed to 
be normally distributed. The damage distribution is expressed graphically by the probability 
of going beyond a certain damage grade given the seismic input defined by a parameterless 
scale of intensity, named PSI (.Parameterless Seismic Intensity), (Spence et al. 1991, 1992b). 




Figure 1 - 2 -  Example o f PSI curve for earthen brick masonry (Cobourn et al., 1992)
The drawback of probability methods like DPM, or PSI is that, in order to carry out 
probability processing, they require a considerable amount of data on past earthquakes 
damage and building classes.
Where data are missing or inadequate, other methods giving reasonable and sufficiently 
reliable results are required. In most cases, in place of earthquake-damage probabilistic
AA1 Adobo (Earthon Brick) Masonry
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relationships, deterministic functions are used, formulated using a more restricted data set, 
more often obtained from one or a few damaged locations.
The approach pursued by GNDT in Italy (Benedetti et al., 1984a), is based on 
deterministic functions between earthquake and damage. These relations are characterised by 
a tri-linear pattern in the interval (y* yc), where yi and yc are the same as in Figure 1 - 1.
According to this criterion, every given curve d(y), depends on the structural 
characteristics of the building, which are summarised by a vulnerability index.
1.4 Review on the seismic vulnerability studies
The issue of how different classes of buildings resist earthquakes, and also how their 
seismic performance can be improved, first emerged clearly, following some events which 
occurred in Europe, particularly in Romania (1977), Montenegro (1979) and Italy (1974, 
1980).
These seismic events found the countries totally unprepared to face emergency situations 
and without proper criteria to evaluate damage on retrofitting strategies.
One common problem was the lack of clear and suitable specific codes aimed at 
strengthening or rebuilding damaged structures.
In Italy, the earthquakes occurring in the 70’s particularly stressed the urgent need for 
appropriate criteria aimed at seismic risk evaluation. Most of the districts, damaged by the 
1974 (Friuli) and the 1980 (Irpinia) events, were not included in the national seismic list, and 
this meant that constructions there did not need to comply with seismic codes. The 
reconstruction and retrofitting interventions, in the absence of any kind of guidelines, were 
left to the individual decisions of technicians, without general supervision. Other towns, even 
if listed in the national catalogue, also suffered heavy damage, even in buildings designed in 
accordance with the seismic codes.
A first step attempting a radical change in the strategic policy, shifting the emphasis from 
the management of emergency situations to forecasting of damage likelihood, was the so 
called Geodynamics Project. This Project, developed in 1980 by the Italian National Research 
Centre, (CNR), created a new seismic catalogue for Italy, a new method able to evaluate the
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seismic risk for listed areas, general criteria to mitigate risk, and a new seismic code. One of 
the most important objectives reached consists of specific Seismic Risk Maps, recently 
upgraded (Slejko, 1999), whose purpose was to map the level of risk, hazard, and 
vulnerability due to seismic events, over the whole Italian territory (Postpischl, 1986).
These important experiences, which likewise characterised other countries, rapidly led to 
a process of specialisation of some aspects linked to seismic risk. Around this time, the 
vulnerability, until then strictly linked to risk analysis, became a separate field of research.
This general context, highlighted the urgent need to set up proper strategies of analysis 
for predicting and mitigating the effects of earthquakes on historic heritage, so far neglected.
1.4.1 Possible targets in the vulnerability assessment
Vulnerability assessment is generally characterized by a great diversity due to its 
different possible objectives: decisions in the post-earthquake emergency, strategies to reduce 
seismic risk, predictions for seismic upgrading, territorial planning, macro-seismic mapping, 
the property insurance market
A second reason for this variety arises from the extreme variability of the resources and 
time available for the investigation, especially when dealing with very extensive applications.
A consequence of this is that the present state of the art shows a wide range of methods, 
without considering anyone of them as being suitable for all cases (Corsanego, 1985).
Undoubtedly one of the crucial aspects influencing vulnerability evaluation is 
represented by the scale of the assessment. Large scale assessments, involving whole urban 
area or large regions, require speedy methods, and these are generally based on observed 
vulnerability or expert opinion. Large scale assessments are carried out for different 
objectives, ranging from the seismic performance to property insurance market.
When the assessment involves a block of buildings or even a single building, the 
vulnerability evaluation is based on more accurate analysis obtained by detailed inspections. 
In this case methods based on score assignments are commonly used, or procedures focusing 
on the structural performance of buildings.
The crucial issue is that each method, independently from the approach pursued, 
necessarily has to find its own compromises between the scale of the assessment and the 
accuracy of results produced.
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The criterion followed in presenting and critically discussing the available literature on 
the topic, is based on the level of accuracy of each method, the time expenditure required, 
and the reliability of results produced. Starting from criteria relying on observed vulnerability 
or experts opinion, progressive levels of detail of analysis are introduced and some final 
conclusion are drawn at the end of each section.
1.4.2 Methods based on observed vulnerability or experts opinion
One of the first attempts to codify the seismic vulnerability at a large scale, is 
undertaken in the U.S. by the Applied Technology Council (organisation bom in 1971 for the 
assistance of practising structural engineers), founded by the Federal Emergency Management 
Agency (FEMA). Among the works carried out by the ATC, it can be mentioned the so called 
ATC-13, aimed at the damage evaluation in California (ATC-13, 1985).
The results achieved by ATC-13 are the creation of damage probability matrices, for 78 
different structures types, 40 of which are buildings. The particularity of the method is that the 
DPM, relative to different structural types as well as to different seismic intensity are defined 
throughout the opinion of 78 experts, which are asked to give an estimate of the most likely 
damage level which would occur for each specific structural type in occasion of a given 
earthquake severity. The weak point of this method is clearly represented by the subjective 
component which cannot enable reliable results. However this method has represented one of 
the most common operative tools, during the 80’s.
A similar approach is pursued by macro-seismic scales, as MSK and EMS (Medvedev, 
1977, Grunthal, 1993,1998), in defining vulnerability classes, in order to speed up and 
improve post-earthquake macro-seismic surveys.
The EMS 92 scale, upgraded in 98, is intended as an improvement of the MSK in the 
classes definition, as it is characterised by a wider range of classes, passing from 3 of the 
MSK (A,B,C) to a total of 6 (A,B,C,D,E,F). These additional classes refer to buildings 
designed in accordance to seismic codes. The criterion is based on the assignment of 
vulnerability classes to different building types, which can be carried out by experts whose 
subjectivity represents the basic limit of this approach.
The prediction of damage is carried out by providing damage distribution over the 6 
levels considered (from 0 to 5) for each vulnerability class and each macro seismic intensity.
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Evaluations of vulnerability at urban or even regional scales, using EMS or MSK, have 
been carried out in many applications worldwide. Recent research has been conducted in the 
city of Barcelona, Spain. In this case the old vulnerability classes of MSK are used, and the 
wide variety of building types is grouped into the 3 MSK classes (Pujades et al., 2000).
Another work with similar aim has been carried out on the city of Basel, which has been 
considered as test-site for a wider application aimed at creating damage scenarios for 
Switzerland (Fah et al, 2001). In this case EMS 98 classes are used and vulnerability curves 
are obtained for each class as function of the earthquake intensity.
An attempt to improve the capability of the macro seismic scales, as far as vulnerability 
evaluations are concerned, has been recently carried out by Dolce et al. (2000). The authors 
propose a criterion for upgrading the EMS 98 vulnerability classes by taking into account the 
reinforcments which a structure can undergone during its lifetime.
The novelty of the work, applied to the town of Potenza, Italy, lies in the fact that a 
double vulnerability class is associated with the 21 building types considered, according to the 
case of absence/presence respectively of strengthening devices.
Notwithstanding the huge subjectivity of vulnerability classes, the official method used 
in Italy for vulnerability evaluations, developed by GNDT in 1983 (Benedetti et al., 1984a), is 
characterised by two levels of screening (known as level 1 and level 2). The first of the two is 
basically aimed at assessing vulnerability classes. The purpose of this level is to obtain 
general information about the location, geometry and type of buildings and is suitable for all 
kinds of structures. Moreover, the observed damage, mentioned in §1.3, is registered 
throughout its severity and extent percentage.
In 1980, following the earthquake which occurred in Irpinia, Italy, a wide survey on the 
damaged buildings was carried out using a pilot version of GNDT level 1.
The work was based on a preliminary classification of the buildings according to a pre 
defined range of 13 construction types. Thanks to the large amount of data collected in the 
post earthquake phase, during which 41 towns and about 38.000 buildings were surveyed, 
diagrams providing damage probability values for each MCS macro seismic intensity and for 
each structural type were created.
By assembling these diagrams it was possible to create DPMs, for each of the 13 building 
types. These distributions were then compared with others developed as function of the MSK
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scale, where the gaps due to incomplete data were filled by binomial distributions (Braga., et 
al., 1982 a,b).
One of the limits of this approach, as underlined by some authors, is that the vastness of 
the building classes usually considered, and also the rough way in which they are defined, can 
yield ineffective probability curves (Carocci,1996).
Other authors have underlined that aggregating data on the basis of assigned intensities 
can lead to large distribution error. Macro seismic intensities are considered, by the same 
authors to be scarcely reliable and hence a poor model of vulnerability (Coubum et al., 1992).
An interesting recent application carried out by the Italian Seismic Service (Orsini, 
1999), using the Irpinia earthquake data, has enabled the uncertainty of the damage evaluation 
performed with DPM expressed in MCS intensity to be estimated. This objective has been 
achieved by using the Parameterless Scale of Intensity (Spence et al., 1991), which has been 
compared to the MSK and MCS degrees resulting from the Italian seismic catalogue. A good 
correlation has been found with the MSK intensities, while a scatter is evident with the MCS 
intensities.
A rapid method for the assessment of vulnerability buildings was carried out by the 
FEMA (Federal Emergency Management Agency) in 1988 (FEMA 154, FEMA 155). The 
procedure requires a rather rapid survey of the building, carried out from the street, aimed at 
recording data for assessing the vulnerability index, governed by an appropriate score. In this 
case the method is based on a first association of the building under examination to a pre­
defined range of building types; a different structural hazard score (BSH) is associated to 
each of them. This score can be then modified according to the peculiarities (improving or 
worsening the seismic performance) of the single building. The value of BSH is linked to the 
probability of exceeding damage to 60% of the building for a specified earthquake severity, 
and is directly derived from ATC-13 probability matrices. However, while the BSH is 
expressed as function of peak ground acceleration, the DPMs of the ATC-13 use macro- 
seismic intensities, so a conversion between the two factors is also required. As for ATC-13, 
the weak point of this procedure is the subjective component, as the modification factors are 
evaluated by expert opinions.
A new and highly sophisticated research field, is the application of neural networks to 
seismic vulnerability assessment (Sanchez et al. 2001). This method, combined with the use
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of fuzzy logic (Blockley, 1992, Carpignano et al.2002, Ballocco et al.2003) and system 
theory, is used to assess the structural damage for a given earthquake. The model is able to 
synthesize multiple factors to reach an overall evaluation considering the dependence and 
interaction between all system components. The ten variables implemented as input data 
(ranging from ground motion to construction qualities of the building), are expressed by 
linguistic values of expert opinion based on linguistic variables associated to fuzzy sets. These 
are then transformed into numeric values by carrying out a “defuzzification” process as a 
transfer function. Values resulting from this process are then used to define the damage. This 
method was applied by comparing the damage observed in Central California following the 
earthquake of 1999 to forecast damage, as results of the neural network computer software 
ERS-99. The capability of the program is that it is characterised by a “learning process” of 
encoding information. This means that the system compares the expected output of any input 
data, to the data set within the system. If the two sets of data do not match, the system is able 
to adapt its internal structure to include a new pattern and hence widen the “knowledge” of 
the system. Despite the big effort made to improve the reliability of information from experts 
opinion, the extreme generality of the method (suitable for any structure type) does not enable 
all the variables qualifying all structural systems to be considered, and this leads to unreliable 
evaluations of the seismic performance of buildings and hence of damage prediction.
All the methods mentioned have features in common, which can be summarised as 
follows:
• Most of them are based on the definition of building types and classes, suitable for 
any location worldwide;
• Building types and classes are too general all-inclusive;
• The subjectivity of the operator (usually an expert) in the class assignment process 
can cause results to be somewhat unreliable;
• In the absence of pre-defined classes the information required to describe the 
building type is veiy general and scarcely able to identify the aspects qualifying the 
seismic performance of the building;
• The earthquake characteristics, as outlined in §1.3, are described by macro seismic 
intensities which rely on damage effects and hence are poor models of vulnerability 
(Coboum et al., 1992).
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• The damage is evaluated by its severity and in some cases by its extent, but no effort 
is made to give an interpretation from a structural point of view.
1.4.3 Methods based on score assignment
Observation-based, statistical methods that assign a seismic vulnerability score to 
buildings are among those most widely used. This category also includes the approach 
developed by GNDT, level 2, based on a detailed survey of the building. This level of 
screening produces a measure of the level of vulnerability of a single building, synthesised by 
a hybrid index.
Unlike from level 1, which is considered suitable for any type of structure, level 2 
follows different methods according to whether the building is made of masonry (Benedetti et 
al., 1984a) or reinforced concrete respectively (CNR-GNDT, 1993).
The vulnerability index for masonry buildings is obtained from the sum of eleven 
parameters. Each parameter defines a particular factor which is considered decisive for the 
seismic performance. For each factor, the different situations which can arise in reality, are 
grouped into four classes. The first one, taken as reference, collects all the situations which 
may be considered as substantially conforming to the seismic codes. The other situations are 
arranged in an increasing scale of vulnerability, with corresponding scores. The scores of each 
factor, weighted in relation to the importance assigned to each class, are added together so 
that the total represents the vulnerability index for a given building (Benedetti et al.,1984a).
The capacity of the structure to resist an earthquake is defined by a special parameter, 
named conventional resistance, which is a function of the shear stress i k of the material. 
According to this criterion, collapse can only be caused when the shear strength is exceeded, 
while failure due to bending is completely disregarded.
The GNDT vulnerability index relating to a single building or a class of buildings, is also 
used for developing damage scenarios, using a tri-linear earthquake-damage relation 
introduced in §1.3.1, calibrated on just one test site (Guagenti et al., 1989). Further statistical 
calibrations of the GNDT vulnerability index were also carried out by Braga et al. (1987). 
GNDT level 2 has been used for several applications, one of the first being that carried out by 
Beconcini et.al in 1984, in a small town of central Italy (Castelnuovo in Garfagnana). The
16
An integrated methodfor the assessment of the 
Seismic Vulnerability o f  Historic Buildings
Ch a pter  1
INTRODUCTION TO THE RESEARCH TOPIC
results of this application are particularly remarkable because they demonstrate that the 
criterion used by GNDT level 2 to assign scores based on conformity with seismic codes is 
not completely reliable. As a matter of fact, even new buildings, designed in accordance with 
the seismic regulations, show damage as heavy as the historic ones.
In the following years, the GNDT method was applied in the city of Catania, Sicily 
(Benedetti et al.,1988a, CNR-GNDT, 1999). In this case the data on building heights and 
construction periods used in the analysis have been either collected from field investigations, 
or from a database provided by ISTAT1. After assigning a range of likely values to the 
construction period data set, the final results indicated lower and upper boundaries for the 
vulnerability index of each building. The results show that the variable having most influence 
on the seismic performance is the construction period. Finally, damage scenarios have been 
produced for different earthquake severity through the vulnerability functions commonly used 
by GNDT.
An alternative attempt to create a comprehensive method to assess the vulnerability of 
buildings was carried out by ATC (ATC-14, 1985) . The novelty of this method lies in the 
fact that the risk of loss of human life is associated with the collapse of structural elements. 
Even in an embryonic form, this work is particularly valid as it identifies the most vulnerable 
structural features which play a central role in the seismic performance of 15 building types. 
For buildings showing particular deficiencies from a structural point of view, additional 
analyses are required and special tools are required such as equivalent lateral force or a more 
accurate dynamic analysis.
This same approach has also been pursued in a study carried out by the FEMA (FEMA 
178,1992), later developed into a more sophisticated procedure, FEMA 310 (1998). A double 
level of inspection and screening of the building is required. In the first phase the building has 
to undergo a global screening; if this is not successful, a structural analysis is required, using 
a displacement-based procedure (FEMA 273, 1997).
Nevertheless procedures such as ATC-14, FEMA 178, FEMA 310, FEMA 273, have the 
disadvantage that the information required is veiy detailed, even to the extent of carrying out 
destructive investigations on samples, and hence cannot be used for extensive applications.
Finally, some conclusions can be drawn on methods based on score assignments:
1 Italian Research Institute providing data census and statistics elaborations.
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• One positive aspect is that no pre-defined classes or building types are used and the 
analysis is carried out by examining the individual building;
• A consequence of the previous point is that it becomes possible to “update” the 
building configuration, following modification or upgrading which can occur during 
its lifetime (Lang K., 2002);
• The amount of data collection required is usually time consuming, although the 
description of structural elements is very general and can be considered suitable for 
any location.
• There is some attempt to evaluate the structural performance, even though it is 
marginal. This means that only certain parameters of the amount of data required in 
the survey are used for structural evaluations.
• The final vulnerability index, calculated as the sum of different scores, is not related 
to physical entities, but mainly based on qualitative parameters.
1.4.4 Methods based on structural analysis
The methods introduced in §1.4.2 and §1.4.3, show approaches for assessing 
vulnerability, mostly based on qualitative considerations rather than on structural criteria. 
Their weak point is the uncertainty resulting from the subjective components as well as the 
very general description of those factors defining the seismic performance of buildings. 
Consequently, the measure of seismic vulnerability is not correlated to physical entities and 
hence the results from different methods are scarcely comparable with each other.
When vulnerability assessment is aimed at providing strategies to reduce seismic risk as 
well as for seismic upgrading, the evaluation of the structural performance becomes a basic 
requirement.
A complete evaluation of how buildings perform during earthquakes, would require the 
calculation of its dynamic response and the estimation of the consequent damage when the 
buildings are subjected to different intensities (Augusti et al., 2001).
This means that the seismic action should be modelled by a time history or frequency of 
vibration and the response of the building, defined by considering its own natural frequency 
of vibration, energy dissipation and deformation capacity.
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One interesting application to the field of seismic vulnerability is that conducted by 
Porter et al. (2001). The work, defined by an assembly-based vulnerability (ABV), aims to 
assess the level of vulnerability of single buildings by analysing their structural response 
when subjected to ground motion time history. The response is applied to fragility functions 
in order to simulate damage to each structural and non structural element in the building, and 
to its contents. Probabilistic construction cost estimation and scheduling are used to estimate 
repair costs and loss-of-use duration as random variables. The method is applied to steel 
office building.
In order to reduce the computational efforts static analyses are often used instead of 
dynamic analyses, while the building performance is commonly defined by linear elastic 
stiffness.
These methods, due to the reduced computational efforts as compared to dynamic 
analysis, can be applied to any type of structure and are considered generally suitable, 
although they provide poor models for the behaviour of masonry structures.
Among these, the work carried out in France (Thibault et al., 1994, 1995) aimed at 
vulnerability assessments at urban scale deserves to be mentioned. The method concentrates 
on an urban block, which represents the elementary core for structural analysis. This is 
described through the geometry of buildings included in the block, also defining the possible 
interaction between them. The seismic vulnerability, which refers to every homogeneous 
building-chain, is defined by means of the simple addition of parameters computed separately 
for each building.
The approach has been applied in a district of Nice, composed by 680 buildings grouped 
into 109 blocks, with a total height varying from 4 to 7 storeys. In the blocks examined, 7 
structural types have been identified, although general and poorly effective. The constructive 
variety of buildings has then been reduced to 7 types of plan distribution and 2 types of 
structural frames. The seismic vulnerability analysis has been carried out for three levels of 
peak ground acceleration, in terms of equivalent static loads, and it has been applied to 4 
different buildings heights. Three ranges have been considered for defining the structural 
behaviour of the buildings: the elastic range, the range lying between the elastic and plastic 
limits, and the plastic phase. While the first range corresponds to a safety area, the second, 
localised around the yield point, corresponds to the beginning of cracking. The last range
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corresponds to collapse. Bending and shearing failure modes are examined separately, and 
shear failure is assumed to be more brittle and less stable than bending.
This assumption, derived from the behaviour of r.c. structures, represents the basic limit 
of this approach, which hence should be considered as poor model of masonry buildings.
A rather recent procedure is HAZUS, a method aimed at risk assessment, developed in 
1997 and updated in 1999 (Hazus, 1999). In this case, the seismic action is modelled by 
spectral displacements and spectral accelerations. However, the software still relies on expert 
opinions for estimating the state of damage that would result from a given spectral 
displacement and acceleration. 36 building types are considered and for each building type 
qualitative descriptions of structural damage are provided. Similarly to the GNDT method, the 
vulnerability of the building is evaluated on the basis of its level of conformity to the seismic 
codes. Four possible seismic design levels are considered: high-code, moderate-code, low- 
code and pre-code, the latter referring to buildings without any seismic design, which hence 
should include masonry structures. Parameters defining the building capacity, typical drift 
ratios and final spectral displacements at the threshold of the different structural damage states 
are given for each building type and design level.
More sophisticated structural analyses are developed by ATC-40, and by FEMA 273, 
introduced in §1.4.3. These approaches are both based on non-linear static procedures, 
according to which the building model directly incorporates the non-linear force-deformation 
characteristics of its individual components and elements due to inelastic material response. 
The feature shared by all is that the nonlinear force-deformation characteristic of the building 
is represented by a pushover curve, i.e. a curve of base shear vs. top displacement, obtained 
by subjecting the building model to monotonically increasing lateral forces or increasing 
displacements, distributed over the height of the building corresponding to the first mode of 
vibration, until the building collapses. The maximum displacements likely to be experienced 
during a given earthquake are determined using either highly damped or inelastic response 
spectra.
The limit of approaches such as Hazus, ATC-40, FEMA 273, is that the same analytical 
approach is adopted for all building types, including masonry, and the structural performance 
of these is calculated through analytical procedures mainly developed for modem buildings.
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No particular effort is proposed for adapting the analysis criteria to historic masonry 
buildings.
A recent work carried out by Calvi (1999) has attempted to evaluate the seismic 
vulnerability of a buildings by analysing of probability to overcoming given limit states of the 
structure when subjected to a displacement response spectrum. The work is based on the 
formulation of the displacement capacity of different buildings as a function of relevant limit 
states, to be compared with displacement demands computed by entering appropriate 
displacement spectra with equivalent vibration periods. This method yields interesting results, 
particularly in the case of r.c. structures, while in the case of masonry buildings the results 
achieved are based on tests of clay brick buildings, while the extension to other masonry 
materials is arbitrary, and hence unsuitable for all types of masonry fabrics. The method has 
been recently applied to the city of Catania, (CNR-GNDT, 1999). In this case, the attempt to 
apply this procedure to an extensive sample of buildings, on the basis of very limited data 
(age of construction, number of storeys, construction material), leads to poorly reliable results 
in terms of the probability of occurrence of each limit state. Figure 1- 3 shows the comparison 
between damage scenarios obtained from the GNDT level 2 method and Calvi’s displacement 
limit states. As can be observed, the two scenarios are not comparable, mainly because they 
refer to different damage rates, but also because they are obtained by methods unsuitable for 
historic centres.
Figure 1 - 3 -  Damage scenarios o f Catania: Maps ofpredicted damage to residential buildings. Left, 
predicted by GNDT level 2, right, predicted by the displacement limit state approach (CNR-GNDT, 1999).
Damage state:Damage index:
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In conclusion, some considerations can be outlined concerning the evaluation of seismic 
vulnerability based on structural analysis :
• A great amount of detailed data is required for dynamic analysis, and the results 
obtained should be considered valid for individual buildings but unsuitable to be 
extended to building classes;
• In the case of masonry buildings, the use of pre-defined structural classes is 
unreliable, as each building, particularly when historical, is characterised by its own 
history, often resulting from a composite mixture of added or substituted structural 
elements, strongly interacting (Augusti et al., 2001);
• Detailed structural analyses of masonry buildings should take into consideration the 
non linearity of masonry. This would require experimental data which is not always 
available. These properties change from one masonry type to another.
• Forecasting the structural behaviour of historic buildings, because of the several 
variables and uncertainties inherent to the problem, would require great amount of 
data. Consequently, it happens that very often their structural performance is 
analysed “by analytical criteria specifically developed for modem buildings in most 
cases inadequate” (Augusti et al., 2001).
• A consequence of the previous points is that historic masonry structures require 
appropriate analytical tools sufficiently simplified to guarantee an adequate level of 
reliability in the description of their structural performance which can thus be 
applied more quickly to vulnerability evaluations.
1.4.5 Methods based on limit state analysis
The necessity of carrying out sufficiently extensive vulnerability assessments without 
foregoing a correct understanding of the structural performance of buildings, has led to the 
development over the last 15 years of a specific research field, focusing on the behaviour of 
masonry structures in historic centres.
A very effective approach, consists of the identification of feasible collapse mechanisms 
and by the calculation of their associated failure load factors using limit state theory. Unlike 
other structures, the behaviour of un-reinforced masonry buildings is characterised by the fact
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that the collapse occurs because of the onset of failure mechanisms more often bending than 
shear (Baggio et al., 1990). This approach to masonry structures derives directly from the 
assumptions made during the 18th century, before the development of the elastic theory, 
according to which masonry buildings were studied as mechanisms of rigid bodies 
(Mascheroni, 1785).
The limit state theoiy applied to masonry structures was first formulated by Heyman 
(1966), who describes the masonry structure as realised by rigid bodies with mono-lateral 
constraints, excluding the possibility of sliding along joints. The influence of friction on the 
bearing capacity of masonry structures was later introduced by Livesley (1978).
The application of limit state analysis to a given building, requires the preliminary 
formulation of all possible failure mechanisms, followed by identification of the one 
associated with the minimum load factor. This objective can be achieved by undertaking two 
possible approaches: static and kinematic. The former one allows the assessment of the 
ultimate load factor in terms of horizontal static action proportional to vertical loads 
producing the collapse around pre-defined hinges. The ultimate load factor is represented in 
this case by the greatest value of the horizontal force assuring the global equilibrium. The 
kinematic approach enables the ultimate load factor, relatively to some pre defined failure 
mechanisms to be calculated, according to which the global work of all forces acting in the 
system has to be 0.
According to this criterion, the failure mechanisms can be ranked according to their 
associated load factors, and among these the one with the minimum load factor, is the most 
likely to occur.
The basic assumptions of limit state analysis applied to vulnerability evaluations are:
• Dead load and horizontal equivalent force are applied at the centre of gravity of the 
wall under consideration, and are expressed as a function of the gravity constant;
• The failure mechanisms are defined as systems of rigid bodies articulated by
constraints which can also simulate the role exerted by strengthening devices ;
•  Displacements at failure are considered too small to affect the initial geometry
significantly;
• The masonry is assumed to have zero tensile strength, but very high compressive
strength;
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• Failure occurs slowly and in equilibrium so that a work balance between the work 
done by external load and that used internally is maintained.
Previous research on the vulnerability of masonry buildings carried out by Sinha (1978), 
Spence et al. (1992a) and by Giuffre’ et al. (1993), has underlined the validity of this theory in 
this particular research field.
One of the first operative tools based on limit state theory aimed at seismic vulnerability 
assessments of masonry buildings, was developed by Bemardini (1986, 1987, 1989). This 
method arises from the need to set up a powerful tool for assessing the seismic vulnerability 
of small and regular sized masonry buildings. This method, later implemented in a numerical 
procedure known as VULNUS, is suitable for rather small samples of buildings. The survey 
proposed is very detailed, and aims to collect geometrical and structural data to assess the 
mechanical model of the building, based on a simplified numerical analysis.
Nevertheless, the range of collapse mechanisms, calculated by lower bound approach, is 
rather poor, and their occurrence in a multi storey building, is considered only in pre-defined 
storeys. The final level of vulnerability produced by VULNUS is a function of three different 
indices. The first two are the load factors, which refer respectively to in-plane and out-of­
plane performance, while the third one refers to the level of information uncertainty, based on 
the fuzzy set theory, providing formal rules for treating data characterised by uncertainty 
(Bemardini et al., 1992,1999).
This method is particularly valid as it represents one of the first “operative tools”, for the 
vulnerability assessment of masonry buildings, providing the damage forecast in terms of the 
likelihood of failure mechanisms occurring. At the same time, the weak point is undoubtedly 
the extreme structural regularity of buildings required for the analysis, which is a condition 
very difficult to find within a historic centre. Moreover, the information required is very 
detailed so that the number of buildings which can be investigated by a single operator in one 
day is rather small.
VULNUS has recently been applied on 135 buildings in the historic centre of Catania 
(CNR-GNDT, 1999). After preliminary grouping of the buildings into the three MSK classes, 
the results have been compared with the vulnerability predictions obtained by DPM method. 
However, the results of this comparison suggest great caution, most of all because the DPMs 
are those calibrated for the Irpinia earthquake, and also because in order to make the
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correlation possible, it has been necessary to convert the PGA into macro seismic intensities 
(Guagenti et al., 1989). Moreover, the data conversion from VULNUS data into MSK classes, 
has caused great loss of information, as the 135 buildings, surveyed in detail by VULNUS, 
have been compressed into just 3 MSK classes A, B, C.
In 1995 a study was carried out into the seismic vulnerability and associated risk of 
residential buildings in Rome (Colozza et al.1995). The work is particularly valid as it 
represents an attempt to calibrate the vulnerability through a new expert-probability- 
mechanical approach. The work is developed by first identifying 12 residential structural 
types representative of the historic centre of Rome. The description of each building type is 
sufficiently accurate to enable their structural layout to be understood satisfactorily. Each type 
is qualified by means of its structural components and associated average dimensions.
Similarly to other procedures, masonry fabric are still described by pre defined classes 
(brickwork, limestone and so on). For each building class a range of 10 mutually exclusive 
failure mechanisms is considered, which can occur involving variable number of storeys. The 
range includes not only in- and out-of-plane failure mechanisms, but also those occurring 
because the material resistance is exceeded. For every structural type, each failure mechanism 
and the probability of occurrence for a given earthquake is calculated. Finally, the global 
likelihood of occurrence of any mechanism for any structural type at any storey and any 
earthquake severity is computed. The results of this application are remarkable, and also show 
a certain dependence of failure mechanisms on the position of building within the block. In 
the range considered, the overturning of facades insufficiently anchored to orthogonal walls is 
the most likely to occur. In-plane failures are more approximately treated, by simply 
considering the shear strength Tk of the masonry being exceeded.
In the same year a new methodology was presented, at the Seismic Engineering Congress 
in Siena (D’Ayala, Spence, 1995). The method was developed specifically for extensive 
analyses, based on speedy investigation and analysis while including a mechanical 
interpretation of the seismic behaviour of masonry buildings.
It was applied for the first time in a district of the historic centre of Lisbon as part of the 
TOSQA project (D’Ayala, Spence, 1996, 1997), and later developed following the 1997 
Italian earthquake (Spence et al, 1998a,b, 1999, D’Ayala et al.1998).
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The approach is based on an original analysis of the structural characteristics of 
buildings: the site inspection is quick, and based on the collection of information all referring 
to the external features of buildings, without requiring an internal survey.
The information needed for the analysis is therefore limited to only those factors playing 
an important role in seismic performance. Very simple data like block shape, position of the 
building within the block, number of free walls, number of floors and so on, can give precious 
indications about the intrinsic level of vulnerability of structures, even in terms of feasible 
mechanisms. The vulnerability analysis is carried out by means of a range of failure 
mechanisms (Figure 1- 4), and the final indices produced represent the minimum and 
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Figure 1 - 4 -  Failure mechanisms considered by the TOSQA project in the historic centre of Lisbon
(D’Ayala et al, 1996) .
The method was later upgraded in order to include a wider range of mechanisms and also 
to suit different building types, such as ordinary buildings and churches (D’Ayala, 1998, 
1999).
As for other procedures, the limit of this method, suitable for quite extensive samples as 
well as for any location, is the generalisation of the constructive techniques, particularly 
concerning masonry fabrics. However a simplified attempt to examine the different qualities 
of masonry fabric is made by reducing the wall thickness by pre defined percentages.
A parallel work, developed in 1994 (Doglioni et al., 1994) focusing on the vulnerability 
of churches, is based on a similar mechanical approach. The vulnerability is defined by 
means of a wide range of critical failure mechanisms which can occur involving different 
portions of the church, named macro-elements. Each mechanism, identified through a wide
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photographic review of damaged churches (Doglioni et al., 1994), has been analytically 
formulated according to the limit state analysis (Lagomarsino et al, 1997, 1998). The novelty 
of the work lies in the fact that the survey phase is organised in order to recognise and 
associate the damage pattern observed to a specific failure mechanism within a pre defined 
range, leading to useful correlations between observed and forecast damage. The approach 
has been recently upgraded by Augusti et al. (2001), who have attempted to formulate the 
probability of collapse and damage of each macroelement.
To sum up, some conclusions about methods based on limit state analysis can be 
outlined:
• The use of limit states and failure mechanisms for the vulnerability assessment of 
masonry buildings represents a simplified and reliable tool for modelling their 
seismic performance;
• The simplified structural analysis required enables extensive applications to be 
carried out on an urban scale, without foregoing a correct understanding of the 
mechanical performance of buildings. This intent can be pursued by reducing the 
data to those strictly necessary for the analysis to be conducted.
• The weak point of most methods so far described is that the formulation of failure 
mechanisms and their occurrence likelihood is not influenced by the mechanical 
quality of masonry, but only by the strength of the material, and by the general 
classes (such as brickwork, rubble and so on), unsuitable for a correct understanding 
of their mechanical behaviour.
1.4.6 Approaches taking into account the mechanical qualities o f the masonry
The evaluation of the mechanical characteristics of masonry is a wide and complex topic, 
because of the extreme variety of masonry types as well as the marked non-linearity of their 
behaviour.
These features make such evaluation rather difficult to model, particularly when aimed at 
seismic vulnerability assessments, which require simplified yet at the same time reliable 
analysis criteria. Most procedures so far described analyse masonry according to criteria
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imported from other structural types, or in other cases by considering it as an homogeneous 
material, the behaviour of which is essentially described by its shear strength.
This last approach basically derives from early studies and experimental tests carried out 
in the 80’s, aimed at testing the ultimate strength of biaxial masonry panels subjected to 
seismic actions, (Mann et al., 1982, Page, 1981, 1982, 1983), as well as on models at reduced 
scales (Samarasinghe et al., 1980). These tests also enabled early analytical formulations for 
experimentally observed damage failure to be devised (Ganz, 1989, Hamid et al., 1981, Mann 
et al., 1982, Tumsek et al., 1979, Benedetti et al. 1984b, Anthoine, 1991).
Among the methods analysing masonry as homogenous material, several applications 
can be mentioned also supported by laboratory tests, including those by Gambarotta et al. 
(1994), Chiostrini (1994), Kuobaa et al. (1994).
A very powerful analytical tool often applied to masonry, is Finite Elements (F.E.) 
analysis. In some cases F.E. are also used for vulnerability assessments, although their 
application is rather time consuming and hence the number of buildings which can be 
assessed is rather small.
F.E. have been applied in a recent work by Casolo et al. (2000) aimed at the seismic 
vulnerability evaluation of churches. The objective of the work is interesting, as it attempts to 
identify the most critical failure mechanisms common to some types of churches by means of 
a preliminary F.E analysis. However, the assumptions made are unsuitable for masonry 
structures, as the material model used is assumed to be homogeneous and isotropic (Casolo et 
al., 2000).
Some authors have pointed out that the hypothesis of “material” continuity, sensibly 
changes the real physical nature of masonry and hence can lead to errors in interpreting its 
mechanical performance and the associated failure mechanisms. The strong non-linearity and 
the intrinsic anisotropy of masonry, highlight the poor reliability of these mechanical models 
(Giuffrfc, et al. 1989,1994).
A research field known as the homogenisation technique (De Buhan et al., 1997) 
attempts to overcome these limits, while remaining in the hypothesis of material continuity. 
This technique, implemented within the framework of yield theory, enables the construction 
of a macroscopic strength criterion for masonry described as a regular assembly of bricks 
separated by joint interfaces. Making use of the kinematic definition of such a criterion, the
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yield stress domain in the space of stresses is explicitly determined in the case of infinitely 
resistant bricks. The value of this method is that the model takes into account some important 
features of masonry, such as the anisotropic characteristics due to the orientation of bedding 
surfaces, as well as the elements geometry and friction along joints. (Buhan, et al. 1997).
Procedures based on limit states analysis and failure mechanisms clearly go beyond the 
concept of “continuum material”. However, the validity of approaches based on the 
formulation of kinematic chains and failure mechanisms is strictly linked to the possibility of 
considering the masonry wall as a rigid monolithic body, where cracks can occur without 
failure of the material.
The observation of damage produced by catastrophic events, carried out by Tomazevic 
et al. (1989), demonstrates of how different masonry assemblies can deeply influence the 
crack pattern as well as the associated failure mechanisms. The work carried out by the same 
authors, outlines the most common damage patterns leading to the conclusion that the 
structural layout of the masonry exerts a crucial role in defining the mode of damage. The 
work also underlines that the fabric quality is particularly relevant at a wall intersection, and 
documentary evidence from different earthquakes testifies that the lack of connections can 
lead to the separation of peripheral walls (Tomazevic et al.,1989). Research and experimental 
tests carried out by the same authors also provide evidence of this (Tomazevic et al., 1982, 
1999).
Studies and experimental tests aimed at defining the mechanical behaviour of masonry, 
carried out by Giuffre et al. (1989, Baggio, et al., 1990, Ceradini, 1992, Giuffre, 1994), have 
confirmed that the performance of walls during earthquakes is influenced by the quality of the 
structural assembly characterising the masonry fabric. The approach starts from the 
assumption that the opus quadratum is the best prototype of masonry to form a perfect 
connection throughout the wall thickness. Its principal mechanical characteristic, due to the 
extreme geometric regularity, is its monolithic behaviour which is obtained by a perfect 
connection and staggering between elements alternatively placed along and through the wall, 
respectively named diatons (headers) and orthostats (stretchers^, (Figure 1-5, above). The 
great potential of the opus quadratum becomes even more clear, when comparing it to a 
masonry fabric without headers. In this case the wall can be considered as made up of two 
different leaves with independent behaviour (Figure 1-5, below) (Giuffre, 1989).
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Thanks to the geometric regularity of this ideal model, it is possible to formulate its 
mechanical behaviour, and to compare it with the experimental results.
The model analyses the masonry stone by stone, assuming that its own weight is 
uniformly distributed along the layer surface, The contact surface between the stones is 
characterised by a mono lateral bond. The in-plane behaviour of such an ideal model is 
characterised by a shear strength along bedding surfaces, which the masonry is able to 
develop thanks to the presence of friction. The out-of-plane behaviour is basically governed 
by the quality of the structural assembly, i.e. the number and position of the headers .
This formulation was later implemented in a computer program, which has enabled the 
development of several numerical simulations (Baggio et al., 1993).
Experimental tests carried out on brickwork panels, show good correlation with the 
numerical results obtained from the same samples (Ceradini, 1992, Giuffre, 1994). These 
have shown that, by reducing the number of headers and keeping the shape of the panels 
constant, the load factors tend to decrease almost linearly (Figure 1- 6).
The opus quadratum  masonry
dkitoni
ortostati
It is evident that, without dlatoni; the masonry 
is constituted by two indipendent walls 
put side by side
Figure I- 5 —  Geometric layout of the opus quadratum (above). Masonry fabric made without diatons
(headers) (below). (Giuffre, 1989)
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Figure 1-6 -  Diagram of the horizontal loadfactors for different masonry panels characterised by a 
decreasing number o f headers (Ceradini, 1992).
According to this model, it is also possible to formulate the maximum shear strength 
exerted at connections, when horizontal loads are acting.
Further research into the topic has developed simplified out-of-plane failure mechanisms 
that take into account the connections with transverse walls (Spence, 1992a, Giuffre, 1993). In 
more recent works carried out by De Felice (1999, De Felice et al.1998, 1999, 2000), different 
classes of mechanisms are compared, including: the overturning of an external building wall 
due to either vertical cracks at abutments or a diagonal crack on transverse walls; the 
overturning of a facade portion of triangular shape. These studies are remarkable in that they 
present a correlation between the results achieved by the analytical formulations of the failure 
mechanisms considered and those obtained by a discrete elements program (Udec). Despite 
the schematic nature of the failure mechanisms, the results obtained seem to catch the 
fundamental aspects of the problem, giving an adequate, realistic prediction of the strength of 
different walls having different shapes and masonry layout (De Felice et al., 1999). Some of 
the most interesting results achieved, underline the role exerted by effective connections 
between the buildings front and transversal walls, which can turn the failure mechanism of 
facade overturning into a mechanism involving portions of side walls. On the other hand, the 
effectiveness of connections is strictly linked to the quality of masonry, which is 
parametrically analysed by increasing the slenderness of its elements. The analysis has 
indicated a decreasing level of the seismic resistance with decreasing element size (in relation 
to the panel thickness) and decreasing quality of the masonry fabrics.
In conclusion, the results achieved by this research field, underline the importance of the 
masonry layout in defining the mechanical performance.
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The opus quadratum ideal model can represent an effective tool for analysing the 
mechanical quality and performance of the ordinary masonry fabrics in historic centres. 
According to Giuffre’s approach, the quality of different types of masonry assembly can be 
assessed by comparing their structural layout with the ideal model of opus quadratum. 
Following this criterion, the closer the layout to an opus quadratum, the better the mechanical 
quality of the masonry fabric examined.
This assumption leads to the conclusion that the mechanical performance of historic 
buildings cannot be generalised and considered universally valid, as commonly occurs in 
several vulnerability assessment methods, since such performance strictly depend on the local 
craftsmanship, which should be analysed in detail in order to identify generalised structural 
features which can produce critical failure mechanisms (Giuffre, 1993).
Despite its highly valuable results, a basic aspect limiting the suitability of this method 
for vulnerability evaluations, is that it can be considered valid only within the historic centre 
surveyed, and hence the results are scarcely comparable.
Moreover, the structural types together with the associated failure mechanisms, are those 
resulting from the original layout of the building, and hence do not take into account the 
retrofit interventions implemented after their construction.
Several studies and experimental tests carried out on masonry structures have shown that 
different retrofitting interventions can deeply influence the damage mode during seismic 
events. Recent research and laboratory tests on reduced scale carried out by Tomazevic (1993, 
1996), demonstrate the different performances shown by buildings subjected to mortar 
grouting, replacement of wooden floors with r.c. slabs, insertion of metal ties. It is also worth 
noting the tests carried out on 14 models by Benedetti et al. (1998,b). Two particular systems 
have been tested: connection along vertical edges between orthogonal walls and the 
connection of slabs or wooden floors to walls.
Another remarkable study in this same research field is the work carried out by Binda et 
al. (1997,1999) who focuses on the performance of masonry fabrics by analysing their 
material properties as well as their internal assembly, in order to devise appropriate structural 
criteria for improving their performance. This approach has been more recently converted into 
a “multilevel approach” for assessing the vulnerability of ordinary buildings, where failure 
mechanisms due to previous repair intervention are examined.
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Finally, some conclusions can be drawn on the criteria of taking into account the 
mechanical performance of masonry:
• The analysis of masonry as homogeneous material notably changes the physical 
nature of the problem leading to under estimation of the mechanical performance of 
masonry and its associated failure mechanisms;
•  Structural damage due to different earthquakes highlights how the quality of 
masonry assembly exerts a crucial role in defining the damage mode, particularly at 
wall connections;
• The opus quadratum model, according to Giuffre’s approach (1989), is able to offer 
a simplified yet at the same time realistic analysis of the masonry;
• Thanks to this ideal model the mechanical quality of masonry of ordinary fabrics can 
be evaluated, by comparing these with the ideal prototype;
• The opus quadratum also allows connections between orthogonal walls to be 
modelled, as well as the horizontal strength exerted during seismic events;
•  The reliability of failure mechanisms is strictly linked to the possibility of 
considering the masonry wall as a rigid monolithic body, where cracks can occur 
without failure of the material;
•  The range of failure mechanisms should also take into account those produced by 
previous retrofit interventions.
1.5 Statement of the objectives of the research work
The critical discussion of the literature available carried out in the previous sections, 
enables some conclusions to be drawn and the general objectives of the method presented in 
this work to be outlined.
The procedures so far used are often unreliable in defining seismic vulnerability, 
particularly of historic buildings.
Methods based on expert opinions and score assignments are very subjective and time 
consuming, so the use of structural analysis seems to be the most appropriate way to yield to 
obtain more reliable results.
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Among the analytical methods reviewed, the limit state analysis, based on the 
identification of failure mechanisms, can be defined as a simplified, but sufficiently 
appropriate tool for modelling the seismic performance of historic buildings. This analytical 
tool also allows rather extensive applications at urban scale to be carried out, without 
foregoing a correct understanding of the mechanical performance of buildings.
Among the available methods, the one used by D’Ayala and Spence (1995, 1996) is 
taken as the reference point for the final objectives, scale of assessments and analytical tool 
applied.
On the other hand, there is a general tendency in this research field, to neglect the fabric 
layout of masonry, considered incompatible with the extensive scale of vulnerability 
assessments. However, specific studies and experimental tests have underlined the influence 
of this structural feature in defining the likelihood of failure mechanisms, so that neglecting it 
can yield unreliable results.
Among the methods available focusing on this topic, the mechanical model of opus 
quadratum (Giuffre, 1989), has been recognised as a simplified and yet realistic tool for the 
analysis of the masonry assembly. The model has been so far applied to the detailed analysis 
of single buildings, while no effort has been made so far to adapt this method to statistical 
purposes.
These observations highlight the final objective of the present work, that is, to devise a 
criterion for assessing the seismic vulnerability of historic buildings, from a statistical point 
of view, by means of a sufficiently wide range of common failure mechanisms whose 
likelihood has to be governed by an analytical formulation of individual masonry assembly, 
developed from the opus quadratum model.
The following presents a review of different damage patterns and associated failure 
mechanisms caused by different earthquakes (GNDT 1998, Tampone 1999), which is taken as 
an operative tool for developing the new method.
' 1
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1.6 Identification of failure mechanisms for masonry buildings
The observation of damage produced by catastrophic events show that among the failure 
mechanisms which can be triggered in occasion of an earthquake, some of them are rather 
common to all historic centres in seismic prone areas, while others strictly depend on local 
constructive peculiarities and hence cannot be generalised (Bemardini 1986, Giuffre et al. 
1993,1999, Lagomarsino et al. 1997, D’Ayala et al. 1995, GNDT 1998, Tampone 1999).
By reviewing the huge variety of earthquake damage so far documented by the literature 
available on the topic, it is possible to outline some frequent failure mechanisms, the onset of 
which is influenced by the structural peculiarities or deficiencies of buildings involved. The 
review has been carried out also by taking into account either the results of the investigation 
carried out in Nocera Umbra following the 1997 Italian earthquake, which are presented in 
Chapter 4, and those obtained in occasion of a further inspection performed after the 
earthquake in San Giuliano (Molise, Italy) in 2002. The failure mechanism reviewed involve 
predominantly building fronts, with the consequent possible participation of side walls and 
internal structures, such as internal party walls, horizontal structures and roofs.
Among all the damage modes which can be triggered in occasion of an earthquake, those 
associated with the overturning of external walls are very likely to occur, especially in those 
buildings where no strengthening device are present. As stressed by several authors, such as 
Tomazevic (1989), Giuffre (1993), De Felice (1999), the onset of these failure mechanisms is 
usually influenced by the quality of lateral connections with orthogonal walls.
The overturning of the whole building fa$ade, which can also involve side walls are very 
common (Table 1-1, a,b,c). Partial failures of comers or central/lateral portions of the facade, 
are also widely documented by the literature available (Tomazevic 1989, Giuffre et al. 1993, 
1999, Lagomarsino et al. 1997, GNDT 1998, Tampone 1999) (Table 1, d,e,f). D’Ayala et al 
(1996) suggest a particular crack pattern associated with the overturning of a central wall 
portion defined by two lateral inclined cracks (Figure 1-4, type OP3). Failure mechanisms due 
to overturning can occur in many other ways, like involving smaller portions of the building 
facade walled up in latter periods and badly connected to the original fabric, as type (g) of 
Tablel-1.
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<f) (g)(d) (e)(b) (c)(a)
Table 1- 1 -  Out of plane failure mechanisms 
One more typical damage is that produced by the presence of openings. Several 
earthquake evidences show that when openings are too wide or even arranged according to 
particular layouts their presence can produce an increase in the seismic vulnerability. 
Notwithstanding a complete review of all possible openings layouts is not affordable, some 
authors have attempted to outline the more common crack patterns and associated failure 
mechanisms influenced by this feature. Giuffre et al. (1993, 1999) have provided a detailed 
review of failure modes influenced by openings, although his research is limited to the case 
study of two Italian towns, such as Siracusa and Palermo. Laboratory tests carried out by 
Ceradini (1993) and Tomazevic (1989), have proved how the presence of openings can 
influence the crack pattern of masonry buildings. It is very common to observe, in buildings 
characterised by a massive presence of openings on the external walls, that overturning 
mechanisms, can be influenced by the position of openings such to affect the portion of wall 
involved in the failure. The flexional failure of a wall portion included by two vertical 
columns of openings is a typical example of how the overall overturning of the building front 
can occur in a different way in presence of this particular opening layout (Table 1-2,a). 
Further failure mechanisms can be also associated with this same layout, as the outwards 
bending of the wall, shown in Table 2 (b,c). One more common damage mode is the outwards 
displacement of the top horizontal string of wall, above the highest row of windows (Table 1- 
2,d).
(a) (b) (c) (d)
Table I- 2 -  Failure mechanisms influenced by openings layout
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The role performed during earthquakes by different kinds of strengthening devices has 
been experimented in several laboratory tests as the ones carried out by Tomazevic in 1993. 
These tests give evidence of how the presence of strengthening devices, like ring beams or 
ties, can modify the structural performance of the building, producing failure mechanisms 
involving higher amount of energy to be triggered. One typical failure mechanism is the 
collapse by shear, or the flexional failure according to a vertical arch behaviour (Table 1- 
3,a,b). Dina D’Ayala et al. also take in exam failure mechanism OP4 of Figure 1-4 , which 
differs from the previous one for the presence of inclined cracks along the building wall. 
However observation from different earthquakes also testifies that some other common 
strengthening devices, as the replacement of old timber structures with r.c. ones, like slabs, 
can produce hammering effects, even with adjacent buildings (Table l-3,c,d).
(a) (b) (c) (d)
Table 1-3  -  Failure mechanisms influenced by strengthening devices 
Finally, very common is the damage caused by the collapse of additional elements, like 
chimney flues, gable ends, attics, additional storeys or additional structures, which can 
seriously jeopardise people and structures lying below (Table l-4,a,b,c,d). The failure of 
these elements usually occurs according to overturning mechanisms.
(c)
Table 1 - 4 -  Failure mechanisms involving additional elements
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In the following a selection of the most common failure mechanisms so far observed in 
historic buildings is analysed in detail and these are taken as an operative tool for the new 
method.
1.6.1 Failure mechanisms depending on the quality o f lateral connections
Of the failure mechanisms which can be triggered when an earthquake occurs, the 
overturning of the fa£ade wall is undoubtedly one of the most common and it is mainly 
governed by the level of connection of the fa$ade to the orthogonal walls.
The lack of connection at a wall intersection is typical of buildings of historic centres, 
where the diachronic process of filling up urban spaces has caused a non-uniform quality of 
construction.
So, while in adjacent buildings built around in the same period, walls are connected to 
each other (Figure 1-7, type A), no or weak connections are present between the fronts and 
the lateral walls when the building construction period dates back to a period later than the 
building/s beside it. This condition historically has led to building up just the front and back 
walls, using the walls already existing, between which the building is located, as support for 
the horizontal and roof structures (Figure 1- 7, type C).
/ / / / / / / / / / / / / / A i' / / / / A / / / / / / / / / / ;
A C A B 1
//
vVs s / s s s s s s s s s a \ A U / / / / / / / / / / / / A
Figure 1-7 -  Diachronic construction process o f buildings in historic centres (Giuffre, 1993)
Figure 1-8 (b) shows an example of orthogonal walls badly connected to each other. It is 
evident how the total lack of bonds has caused the interface between the two walls to widen 
during an earthquake.
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(a)
Figure
Evidence from different earthquakes has shown that the absence or presence of lateral 
connections considerably changes the damage pattern and the associated failure mechanisms: 
in the former case the fa<?ade overturns without involving lateral walls (A, Figure 1- 9), while 
in the latter case the participation of party walls can be observed (B2, Figure 1- 10). These 
two failure mechanisms are characterised by different crack patterns, respectively vertical in 
the first case, inclined in the second. The B2 mechanism can also occur in external walls 
where the connections, originally missing, have been realised by metallic ties.
A combination of the two mechanisms (Bl, Figure 1- 11), can be devised in buildings 
with non uniform lateral connections, such as type B of Figure 1 - 7. In this case the crack 
pattern is characterised by vertical and oblique cracks at wall extremities.
The lack of connections can also produce partial failures, such as overturning comers as 
well as portions of facade (respectively Figure 1-12, Figure 1- 13).
Comer failures can occur on those buildings placed at block extremities, such as B of 
Figure 1 -7 . Evidence from different earthquakes shows that cracks are inclined on both 
walls, as sketched in Figure 1-12, but their pattern can be influenced by openings very close 
to the comer, as shown in the pictures of Figure 1-12.
A portion of facade (D) usually collapses when the building front is anchored to 
backwalls only on one side. In this case the free side can overturn around a diagonal line, as in 
Figure 1-13.
A further failure mechanism influenced by the presence of lateral connections, is 
mechanism (G), which involves a central portion of the facade, identified by two inclined 
cracks (Figure 1- 14). The mechanism occurs due to horizontal arch behaviour which 
develops within the wall thickness, causing the wall to bend outwards.
(b)
1 - 8 -  Example o f two orthogonal walls without connections (Cifo, Italy, 1997) 
(a) Global view -  (b) Particular
39
An integrated method fo r the assessment o f the
Seismic Vulnerability o f  Historic Buildings
C h a pter  1
INTRODUCTION TO THE RESEARCH TOPIC
Figure 1 - 9 -  Failure mechanism A : 
overturning of external wall 
(a, b) Umbria-Marche, Italy, 1997 
(Tampone, 1999)
Figure 1 - 1 0 -  Failure mechanism B2: 
overturning with participation o f both 
orthogonal walls.
(a,b) Umbria-Marche Italy, 1997 (GNDT 
1998, Tampone, 1999)___________________________________
Figure 1- 11 — Failure mechanism Bl 
overturning of external wall with 
participation o f one side wall 
(a) Molise (Italy), 2002; (b) Umbria- 
Marche, Italy, 1997 (Tampone, 1999)
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Figure 1 - 1 3 -  Failure mechanism D: 
overturning o f a triangular portion, 
(a, b) Umbria-Marche, Italy, 1997 
(GNDT 1998, Tampone, 1999).
Figure 1- 14 -  Failure Mechanism G: 
horizontal arch effect.
(a) Molise (Italy), 2002; (b)Umbria 
Marche (Italy), 1997 (Tampone, 1999).
****“ £
Figure 1- 12 -  Failure mechanism C -  
corner overturning 
(a, b) Umbria-Marche, Italy, 1997 
(Tampone, 1999).__________________________________________
41
An integrated method for the assessment o f the
Seismic Vulnerability o f  Historic Buildings
C h a pt e r  1
INTRODUCTION TO THE RESEARCH TOPIC
1.6.2 Failure mechanisms depending on openings layout
Earthquake damage has highlighted that openings which are either too wide or placed too 
close to the external wall edges represent intrinsically weak points during earthquakes. In 
such cases, even when lateral connections anchor the building front to the back walls, 
detachment of the fa<?ade can occur along the openings, particularly when these are vertically 
aligned (E, Figure 1- 15).
When the openings are too close to the roof, the collapse can occur by a horizontal upper 
spandrel bending outwards, behaving like a horizontal arch (Gs, Figure 1-16).
Figure 1- 15 -  Failure mechanism E: 
collapse o f a central vertical portion of 
wall
(a,b) Umbria-Marche, Italy, 1997.
Figure 1 - 1 6 -  Failure mechanism Gs: 
arch effect on a top horizontal strip. 
(a,b) Umbria-Marche, Italy, 1997.
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1.6.3 Failure mechanisms depending on strengthening devices
The presence of strengthening devices due to retrofit interventions can substantially 
modify the structural behaviour of buildings during an earthquake, transforming failure 
mechanisms such as type A into others requiring a higher amount of energy to be triggered.
Evidence from earthquake damage shows that when the vertical span left between two 
reinforcements is too wide, the building can collapse according to mechanism (F), sketched in 
Figure 1-17.
When the layout of strengthening devices is such as to prevent flexional failures, the 
building can still collapse due to a shear failure (H), shown in Figure 1-18. The typical crack 
pattern associated with this damage is diagonal, which can also be symmetrical for seismic 
waves acting in opposite directions.
Figure 1 - 1 8 -  Failure mechanism H 
shear effect
(a) Molise, Italy, 2002; (b) Umbria 
Marche, Italy, 1997.___________________________________
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1.6.4 Failures o f further elements
Vertical additions and gable ends can be considered among the most vulnerable elements 
to suffer high damage in the event of an earthquake.
The overturning of the external wall of the vertical addition is usually due to the fact that 
this additional storey is commonly associated with a reduction of the wall thickness as well as 
the absence of lateral connections (I, Figure 1-19).
Gable overturning (L, Figure 1- 20) more typical for churches than for ordinary houses, 
becomes particularly dangerous when the gable ends support the weight of the roof beams. In 
this case its collapse also involves the roof structure.
Figure 1- 19 -  Failure mechanism I : 
overturning of vertical addition 
(a) Molise, Italy, 2002______________________________
Figure 1- 20 -  Failure mechanism L: 
overturning of Gable 
(a,b), Umbria-Marche, Italy, 1997 
(Tampone, 1999)________________________________________
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1.7 Conclusions
This Chapter has outlined an introduction to the research topic. After a brief introduction 
to some general concepts about seismic risk and vulnerability as well as definitions of damage 
and earthquake, a review on the available literature has been presented, in §1.4.
This is entirely devoted to an overview of the methods available for the evaluation of 
existing buildings, ranging from those based on expert opinions and observed vulnerability 
through methods based on score assignments, to methods using structural approaches. Finally 
an overview on procedures more strictly focusing on the mechanical behaviour of masonry 
has been outlined.
The critical discussion of the literature review, in §1.5, enables some conclusions and 
general objectives of the new method to be drawn, which are summarised in the following:
• Methods based on observed vulnerability and experts opinion are mostly based on 
the definition of building types and classes, suitable for any location worldwide, 
and hence highly arbitrary and scarcely reliable;
• Methods based on scores assignment are usually time consuming, although the 
description of structural elements is very general and can be considered suitable 
for any location. Moreover, the final vulnerability indices, calculated as the sum of 
different scores, are not related to physical entities, but mainly based on qualitative 
parameters. The structural analysis is hence outlined as the most appropriate tool 
for approaching the problem.
• Forecasting the structural behaviour of historic buildings, because of the several 
variables and uncertainties inherent to the problem, would require great amount of 
data, not always available. Moreover, very detailed analysis to singular buildings 
are scarcely suitable for extensive applications, aimed at vulnerability assessments. 
For this reason sufficiently simplified tools are required in order to guarantee an 
adequate level of reliability in the evaluation of their structural performance 
which can thus be applied more quickly to vulnerability evaluations.
• Limit state analysis and failure mechanisms are recognised as the most appropriate 
analytical tools for approaching the problem. A complementary analytical model, 
focusing on the mechanical behaviour of masonry, is assumed as the starting point 
for developing the new method.
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Finally, in §1.6, field observation of different earthquake damage, treated as experimental 
evidence, enable the most common failure mechanisms to be identified, and these are 
assumed as operative tool of the new method.
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This Chapter is dedicated to the formulation of the theoretical basis of the method 
FaMIVE.
The procedure is aimed specifically at analysing historic masonry buildings on an urban 
scale, and is characterised by a particular effort to interpret their structural performance in a 
simplified and reliable way.
The analytical approach pursued for describing the structural performance of buildings 
subjected to earthquakes is represented by the theory of limit states and failure mechanisms, 
introduced in section §1.4.5.
A mechanical model formulated on purpose allows examination of the frictional 
behaviour of the masonry, described as an ideal dry ashlars fabric, composed of stone blocks 
all made of the same size and material.
This model serves as the basis to analyse in-plane overturning and sliding of isolated 
walls with and without live loads applied, using a limit-state approach to derive the ultimate 
load factors. At the end of this section, a parametric analysis is performed.
On the basis of this mechanical model, the out-of-plane failure mechanisms identified in 
§1.6 are then systematically formulated and presented.
The failure mechanisms developed through the limit state analysis are defined by systems 
of three-dimensional walls assemblies, and the out-of-plane behaviour of each wall is highly 
influenced by the type and strength of connection with the other masonry walls.
At the end of each analytical formulation, some parametric analyses are presented for a 
better understanding of the existing field of each failure mode, and also to find out which 
parameters are the most influent.
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2.2 Formulation of a mechanical model for ashlars masonry: geometric characteristics 
of the fabric and Total Shear Strength.
Stone blocks of regular dimensions and nearly dressed, set in very thin mortar joints or in 
dry contact, represent the best possible layout of stones to ensure structural integrity within a 
masonry wall. Typical examples of such masonry are the Roman opus quadratum or the 
ashlars stonework of Gothic cathedrals. The Latin name refers to its morphology, 
characterized by overlapping square stones, with or without thin bedding mortar. This kind of 
masonry, known in ancient times as opus isodomum, is accurately described by Vitruvius 
Pollione, in “De Architecturer” (I century B.C.) (Morgan, 1960). This construction technique 
is still in use in many European countries and constitutes the masonry fabric of most buildings 
in historic centres.
The mechanical features common to this construction system, introduced in §1.4.6, are 
characterised by a structural integrity of the wall which relies upon a regular staggering of 
blocks of subsequent courses as well as on the regular presence of blocks laid out 
orthogonally to the face of the wall, in order to connect the various leaves of the wall together 
(Giuffre 1989). Section §1.4.6 has introduced the studies and experimental tests carried out so 
far, providing clear evidence of the function exerted by diatones (headers) in ensuring the 
monolithic behaviour of the wall and to improve its out-of-plane resistance, while successive 
courses of ortostates (stretchers) are staggered to improve the in-plane behaviour of the wall 
(Ceradini 1992, Figure 1.6).
These results, analytically formulated in occasion of further development of the research 
(Giuf&e, 1989,1991; De Felice et al., 1998, 1999, 2000), represent an important starting point 
for formulating and calibrating the frictional model, introduced in the following sections.
2.2.1 Description o f  the geometric model
In order to examine the frictional behaviour of a wall, a simple geometric model is taken 
into consideration.
It is assumed that the masonry is entirely made up of regular square blocks, of geometric 
dimensions ixhxb  (Figure 2- 1), placed with their longer side parallel to the wall length . If a
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Figure 2- 1 -Geometric characteristics of the 
stone block
The weight w of a generic block is given by:
w = £ ■ h • b • /
where y is the specific gravity of the stone.
Figure 2 -2  -  Masonry wall model
(2- 1)
2.2.2 Formulation o f the Total Shear Strength o f opus quadratum masonry along a vertical 
crack line
It is assumed that the block is subjected to: its own weight, external actions and friction 
between contact surfaces, according to the Coulomb’s friction theory (Heyman, 1972), while 
no cohesion is assumed against vertical loads which tend to detach overlapping layers. This 
assumption is equivalent to consider a no-tension model, except from the tensile strength 
exerted by friction, acting along bedding surfaces. Experimental tests carried out since ’70- 
’80 on brickwork samples (Ganze et al.1989, Mann et al.1982, Schneider et al., 1978, Dialer 
1991) have proved that the mechanical performance of such a material is characterized by a 
very high anisotropy, so that the direction of bedding surfaces and element shapes plays a 
central role in defining the type of failure. Such experiments, further developed by other 
authors as Ceradini (1992), have stressed that failure in most of cases occurs by applying 
horizontal loads exceeding the friction coefficient, such to produce cracks along the joints 
without crashing of elements, while failure due to the overcoming of material strength (ct,t)
constant staggering length s between overlapping stones is considered to be equal to half the 
length of the block, the masonry assumes the configuration of Figure 2- 2.
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occurs for much higher applied loads. The theory of plasticity formulated by Heyman (1966) 
and later by Livesley (1978) basically relies on this mechanical behavior which qualifies 
masonry: tensile strength negligible, Coulomb’s friction acting along bedding surfaces, 
compressive strength infinite. This approach allows adequate level of structural safety also to 
be guaranteed.
The mechanical behavior of the opus quadratum model has been formulated on these 
assumptions.
With reference to Figure 2- 3 and Figure 2- 4, the shear strength acting along a vertical 
crack line, can be formulated as follows (Giuffre, 1989, 1991).
If n is the total number of layers in a given wall of total height H, F the horizontal force 
distributed along the height, the maximum shear strength C, which can be developed by a 
generic layer /, is:
C, =(/*, -s-b-y)-  f  (2-2)
where ht is the height of the wall above level i, and/  the friction coefficient.
The value of C„ calculated at each interface between courses, is hence a stepwise 
function of hi and of the weight of wall above the course considered.
The Total Shear Strength (Cto/) which a wall of given height and number of courses can 
develop is given by:
cia= f dc ,= f j(hr s-b-r)-f  <2-3)
i= l  i= l
Equation (2-3) assumes that the block dimensions and their overlapping lengths are 
constant at least within a course. The equation shows that the shear strength associated with 
each layer depends on the length of overlap between stones, and this in turn depends on the 
dimensions of the stones.
Figure 2- 5 shows the variation of the ratio of total shear strength Ctot to total weight W 
in a wall, for different ratios of block height to wall height (h/H), and overlapping lengths to 
wall length (s/L) for a constant value of the friction coefficient. It can be observed that the 
greater the ratio of block height to wall height, the lower the value of CtJW toh so that 
increasing the number of courses and reducing the number of blocks in each course increases 
the total shear strength of the wall.
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Figure 2- 5 - Normalised curves for Total Shear Strength C,oh
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2.2.3 Formulation o f the Total Shear Strength o f opus quadratum masonry along a diagonal 
crack line.
The variation with height of the total shear strength implies that the occurrence of 
vertical cracks in reality are unlikely, while the application of a uniformly distributed 
horizontal force F along a wall of height H and length L, will result in a diagonal crack line, 
assumed to originate the lower right vertex of the panel, and identified by a generic angle ac 
which it forms with the vertical axis. For a monolithic panel (Figure 2- 6), the friction 
resistance acts along the surface of the sloping crack line and can be defined as:
(Z f-sinaJ2
'tot(ac) tot{ac) f - r (2-4)2cosac
where Wtot(ac) is the weight of the wall portion identified by the angle a  c, for a unit 
thickness. Qot(ac) is a monotonically increasing function of a  c.
If the same wall is formed of stone blocks (Figure 2- 7), with reference to the block 
dimensions previously introduced:
a h -  arc tan—; 
4 h
a„ = arctan— 
p H
(2-5)
The function of the Total Shear Strength Ctot(ac)) developed along a generic angle etc is 
strictly dependent on the value of the these two angles representing the stone overlap ratio 
(at,) and the panel geometry ( a p) respectively.
The Ctot(ac) function can be described according to the following conditions : 
if a  p<a b
1 sfor a  c<a b 
fo ra p < a c< a b => CM(ac) =
■b - r
1 S L




tan2 a c ,ta n a f tan a Cj
• i / f - b - y
for a  c>a b
if<Xp>ab 
for a  c<ot b
=>C,tot(ac)
l b L Z 1 . T
2
i
tancrc tenor. tana c




= \ S- f H ' - b . y (2-9)
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for a  b < 01 c<ol p 
for a  c>a p
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Figure 2- 6 -  Monolithic wall with oblique
crack.








Figure 2- 7- Stone block wall with oblique crack
To sum up, equations (2-6) to (2-11) of the Total Shear Strength can be synthesised in 
the following 4 ranges:
1 sfor a  c<min(a p, a  b) =*
f o r a p< a c<ctb =>C,Mac)
1 s
2 h tan2 a .
+
tan ap tanac f b y
lf o r a b< a c< a p => Cmim) =- t a n a c
for a  c> max(a Pj a  b) C
t o t ( a c )
1 ** h
f
L L . T
2 tan a c tanan
\  p
tan a cc





It can be observed that equation (2-12) is a function of the geometry of the wall and of 
the stagger ratio, while it is independent of the crack angle. This means that for a  c<min(a p> a  
b), Ctotfac) is constant and equivalent to that portion of a triangular wall identified by the angle 
CLb, and the total height of the panel (H). For increasing crack angles, the pattern of the 
function changes according to the shape of the wall in relation to the block ratios. If the block 
ratio is greater than that of the wall (a b>a p), the value of Ctot(ac) is expressed by equation (2-
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13), which is function of a  c, a  b, a  p. On the other hand, if a  p>a b, the total shear strength 
becomes independent of the block shape ratios (equation 2-14). Finally, for crack angles 
greater than the max(a b,a P), Ctot ac) is still a function of a  p and a  c, while it is independent of 
a  b- In Figure 2- 8 the ratio Ctot(ac) to the total weight Wtot of a panel of dimensions H, L is 
plotted for two different L/H ratios and two different ratios of s/h, so as to include all the 
cases described by equations (2-12)-(2-14). The curves obtained are also compared with the 
curves of a monolithic wall with same geometry H,L.
One can observe that the values of Ctot(ac)l Wtot are always greater for the opus quadratum 
than for the monolithic panel, showing that while the latter can be safely assumed as lower 
bound it underestimates the wall capacity. All 4 curves relating to opus quadratum panels 
begin with a constant value, according to equation (2-12). For panels with s/h =L/H the initial 
value is constant up to tan(QL()=  s/h and then increases. For values of L/H < s/h, Ctot / Wtot is 
constant up to tan(<Xc)= L/H and then decreases down to a minimum for s/h = tan(ac) for 
which Equation (2-12) reduces to Equation (2-13). These are also the intersection points of 
curves with equal panel ratio and different block ratios. The value of a c for which the 
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Figure 2 -8  - Total Shear Strength in monolithic and opus quadratum walls for different ratios H/L and
s/h=0.7 (f=0.4).
54
An integrated methodfor the assessment o f the
Seismic Vulnerability o f Historic Buildings
Cha pter  2 
MECHANICAL FRAMEWORK
2.3 Introduction to failure mechanisms formulation
2.3.1 Introduction to formulation
The material model introduced in §2.2.2 and §2.2.3 is applied in the following 
paragraphs to calculate in-plane and out of plane mechanisms and the associated load factors 
of a generic masonry building wall.
The failure mechanisms are analytically developed on the basis of the limit state analysis, 
and are aimed at evaluating the corresponding critical accelerations.
The failure mechanisms are calculated by applying to the centre of mass of each element 
horizontal static action expressed as a percentage of the load itself, by means of a load factor 
X. This factor is described by the ratio a/g, that is between the lateral acceleration a and the 
gravitational acceleration g.
Therefore, in formulating the mechanisms, the lowest value of the load factor Xc able to 
maintain a limit equilibrium configuration corresponds to the maximum capacity of the wall 
to resist the earthquake. However, the load factor Xc thus defined expresses a result which is 
conservative with respect to the real factor of failure under dynamic conditions.
To sum up, the assumptions on which this approach is based are the following:
• Dead load and horizontal equivalent force are applied at the centre of gravity of the 
building wall under consideration, and are expressed as a function of the gravity 
constant;
•  The masonry walls are simulated as a system of rigid bodies, articulated by hinges, 
whose geometry is defined by the failure mechanism;
• The masonry is simulated by a discontinuum with friction;
• The strengthening devices of masonry walls are simulated using specific constraint 
conditions;
• Foundations and soil characteristics are disregarded.
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2.3.2 Geometric characteristics and parameters o f the structure
A preliminary step for the analytical formulation of the failure modes of a generic
external wall of a building requires the introduction of its generalised geometric
characteristics together with the assumptions made to simplify the model.
With reference to Figure 2- 9, the generic wall is characterised by:
•  Global geometric characteristics defined by total height H and total length L;
• Number of storeys N; this number refers just to the levels above ground and does not
include basements, which are not considered.
•  The assumption that all storeys have the same height H/N;
• The assumption that the wall thickness decreases by a constant amount at each floor 
from the top to the ground floor;
• A percentage of openings per storey Opi calculated on the basis of the number of
openings per storey, and assuming average opening dimensions (loXh0). This variable 
also takes into account the presence of chimney flues inserted within the wall thickness.
• Type of masonry defined by stagger ratio s/h length and thickness respectively ^ and b.
It is also assumed that just one masonry type can be associated with each wall.
On the basis of these assumptions, the weight of a generic storey can be calculated as:




where the thickness T{ at an intermediate storey is given by:
Tt = Tb -  i • ——— for r=l, N -l; (2-17)
' * (N  — 1)
where
Tb is the thickness at the bottom of the wall;
Tu is the thickness at the top of the wall;
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Figure 2 -9  -  Geometric characteristics of the 
building wall
Figure 2 -1 0 - Weight o f horizontal structures 
and roof spread along the wall facade.
Moreover, the building wall is subjected to the action of vertically distributed loads, 
qr and qj, due to the presence of the roof on the top and intermediate floors (Figure 2- 10).




The roof and floors distributed on walls orthogonal to the facade are given by: 
q/s the weight per unit length of horizontal structures acting on orthogonal walls; 
qrs the weight per unit length of the roof acting on orthogonal walls.
Finally, in order to model the rest of the building, the following parameters are considered:
• Effectiveness of connection between facade wall and orthogonal edge walls. This 
characteristic is governed by the parameter e which represents the number of edge party 
walls orthogonal to the fa?ade under examination. This variable is 0 in the absence of 
any connections. It is 1 or 2 respectively in the case that one or both the edge 
connections are effective;
• Number of internal bearing walls orthogonal to the fa$ade (P). This parameter refers 
only to those internal bearing walls well connected to the faQade;
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This structural feature, together with the previous one, expresses the level of bonding 
between the wall in question and the rest of the structure, expressed by the Total Shear 
Strength developed at each wall connection.
• Distance between openings and vertical edges of the facade (side piers) determined by 
parameter r\. The width of the side pier is assumed to be regular when greater than the 
average opening width. The variable r\ reports the presence of irregular piers on the two 
facade extremities. The variable is set to 2 when all the side piers are regular on both 
the fa<?ade edges. It is set to 1 when the piers are regular on one side and at least one is 
irregular on the opposite side. Its value is 0 when at least one pier is irregular on both 
the edges of the fa9 ade.
2.4 Formulation of in-plane mechanisms (H)
The total shear strength acting along the horizontal layers of ashlars masonry, introduced 
at § 2.2, enables the formulation of two in plane mechanisms which a wall can be subjected to 
in the presence of a seismic action: sliding and overturning.
Both mechanisms are described by a diagonal crack, inclined at a variable angle ac, 
which divides the wall into two portions. It is assumed that the lower-left-hand portion does 
not participate in the mechanisms. The equilibrium at incipient failure of the upper portion, 
which can be assumed triangular, trapezoidal or rectangular in shape, will be expressed in 
relation to the two possible mechanisms represented in Figure 2- 11 (a,b).
F
(b)
Figure 2-11 -The two mechanisms considered: (a) sliding and (b) overturning.
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The mechanisms are first developed considering a single storey wall, of overall 
dimensions L,H, as shown in Figure 2- 12.
The weight Wtot(«c) of the portion defined by the angle etc can be divided into two sub­
portions Wj and W2 as follows:
When
H 2 tan a
a c <ctP 
When 
a c > a p
W  =  W  -vv tot(qc) rr 1 t -y





2 t a n  a
^ W , a{ac)=Wt +W2 (2-2.)
where T is the wall thickness.
When considering the overturning mechanism, it is assumed that the total shear strength 
is able to develop only for crack angles smaller than a  t>. This assumption is due to the fact 
that, for angles greater than otb, the masonry fabric can no longer exert a restraining action 
against the physical detachment between the upper overturning body and the inactive portion 
of wall. Figure 2- 1 lb shows how the friction action along the layers can no longer influence 











Figure 2- 12 -Sub-division of total weight Wfor: (a): a c <a„ ; (b): a c > a .
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Moreover, the friction acting along vertical joints has been disregarded. The reason of 
this neglect is that the friction which would be developed along vertical joints, during the 
rotation of the right-hand wall portion, is not a Columbian friction, as not produced by lateral 
loads, but simply generated by the contact between two adjacent surfaces in a relative 
movement. Its formulation in analytical terms is hence rather difficult, and would require 
experimental data in order to be modelled in the appropriate way. However its neglect leads to 
results in favour of the structural safety.
Therefore the formulation of the critical load factor relative to the overturning 
mechanism is governed b y :
W\ • dxx +W2 *“  + Ctot(ac) ’
For a  c <a b => K  = --------------- ^ 7~ 7 -------------------------------------------------(2-22)ff 'y I TT Lj2-Wx‘dyx+ • H  +
2 v tana
r r *,+w t - 1
F o ra c> a b => A0 = -------------- — y — - — — (2-23)
where:
C/0,(ac) is the Total Shear Strength previously introduced at (2-12)-(2-15), developed over 
the wall thickness T. Moreover, it is assumed that the C,0/(qc) resultant is acting at 1/3 of the
vertical component of the crack line.
Furthermore:
for
, H-tana , H  a c< a p => dxx =   ----- ; dyx = —  ; (2-24)
for
^  L . *  L  GC c GC p —)  UX  j — ,  (fy\ — (2-25)
3 3-tana
The sliding mechanism is governed by: 
rn tot(ac)
A  = ™
tot(ac)
This equation is only valid for a c<ab, since beyond this limit Xs=f
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From equations (2-22; 2-23) and (2-26), if Xc —a/g is the collapse load factor, three 
domains of existence for the solution, depending on the ratio XJXs can be identified:
<Di=\X < (X0 U Xs )] => safe configuration (2-27)
©2 — i s .  < i  Xs




Among the possible values of etc and Xc, the limit state configuration is the one for which 
Xmin=min(X0>A<s). This will identify which portion of wall fails and type of failure at the same 
time.
For slender panels with ratio L/H <1 and s/h > 1, the failure occurs through overturning, 
with ac=a b (Figure 2- 13). The load factor decreases with increasing in slenderness. However 
if s/h >1 and also L/H > / failure might occur by sliding even in panels with a slenderness 
ratio greater than 1. For a given angle of friction and geometric ratio of the panel, the 
staggering will affect the extension of the safe area in Figure 2- 13. For geometric ratios of the 
panel L/H >1, failure occurs through sliding, according to the Coulomb criterion, if the ratio 
s/h>/  and Amm=A  with a crack inclined at any angle ranging between ac= a* and the 
horizontal, otherwise failure occurs by overturning a portion identified by an angle ac< a.b and 
a load factor s/h< Xmm </(Figure 2- 14).
The role exerted by staggering ratios becomes clearer in Figure 2- 15, which compares 
the load factor curves for different ratios s/h, having assumed L/H=0.4 and f=  0.3.
It can be noted how for increasing values of s/h, the load factor of the wall tends to 
increase up to the upper boundary, represented by the friction coefficient value. For ratios 
s/h<l, the failure occurs through overturning, with load factors smaller than the friction 
coefficient, and failure cracks inclined at the critical angle a*.
This means that for increasing values of s/h, the load factor also tends to increase. For s/h 
=2L/H the minimum load factor is only slightly smaller than the friction coefficient, while the 
crack angles for sliding and overturning coincide so that either can take place. Finally, for 
ratios s/h>l the failure is always sliding, the load factor is equal to the friction coefficient, 
while the crack angle will be inclined at any angle between the critic angle and the horizontal.
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Figure 2- 13 -  Functions of t o , and to  for Figure 2- 14- Functions o f A , and to  for
L/H-0.35;f=04; s/h=1.5. UH=1.2; f=0.4;s/h=0.35
Figure 2- 16 generalises the previous results, by varying s/h and L/H, keeping the friction 
coefficient constant. It can be observed that as the slenderness of the panel increases, the 
influence of the ratio s/h is negligible. On the contrary, for increasing ratios L/H, the load 
factor also increases following a more and more linear pattern up to s/h=L/H. Beyond this 
value, the curve tends to an asymptotic value A.min= L/H for s/h=oo (monolithic case).
The role exerted by the friction coefficient, which usually undergoes notable variation 
according to to the masonry type, is outlined in Figure 2- 17.
The diagram shows the pattern of the load factor curves in a wall with L/H=0.7, s/h=0.5, 
and values of f  As can be observed, the curves with /  greater than 0.2 have the same 
minimum, corresponding to overturning failure at a crack angle coinciding with a*.
In conclusion, the friction coefficient influences the load factor in the same way as the 
staggering ratios s/h. Nevertheless, while, it is not possible to change the value of / ,  which 
depends on the level of smoothness of the sliding surfaces, in a wall of given L/H ratio, the 
final load factor can be modified by increasing or reducing the geometric layout of the fabric 
(s/h).
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Figure 2- 15 -  Functions o f XcforL/H=0.4; f=0.3, 
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Figure 2- 16 - Variation o f Xc in function o f s/h for 
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Figure 2- 17 - Functions o f Xffor L/H=0.7; s/h-0.5, for different friction coefficients.
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2.4.1 In plane mechanisms for a multi storey wall
In the case of a multi-storey wall, the formulations obtained at §2.4 for a single storey
can easily be adapted, once the following assumptions have been introduced:
• Besides the collapse of the entire wall, a multi-storeys fa$ade can also collapse partially
involving only few storeys. The wall portion involved in the collapse can include a 
variable number of storeys from the top downwards. This means that failures involving 
only the central storeys will not be considered. According to this assumption, cracks will 
always reach the top of the wall, although they could start at any lower storey (Figure 2- 
18).
• Average thickness Tm of the wall between its base and top (Tb and Tu);
• Absence of openings on the facade surface;
Htg a
L
Figure 2- 18 -  Multi storey wall -  partial collapses
Equations (2-22),(2-23) and (2-26), relative to the overturning and sliding load factors 
(A,0, A.s) for a single storey of total height H, can be applied to a multi storey wall by 
substituting H with the variable Hi, defined as:
u  HH ,  = / • —  (2-30)N
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where N is the number of storeys considered. In the same equations, the value of Ctot(a), also 
depends on the variable height H j .
Figure 2- 19 shows the load factor patterns for a multi storey wall and different ratios 
L/H. It is possible to observe that for multi storey walls characterised by rather small global 
ratios L/H, the load factor always coincides with the slender geometric proportions among all 
the possible ratios L/H„ and hence coincides with the entire facade. On the other hand, for 
increasing L/H ratios, the curves become flatter up to the ratio L/H=0.8, so the collapse could 
occur indifferently at any storey of the wall under examination.
The evaluation of load factors at intermediate storeys is required when for one or more 
storeys at the bottom of the building, or at intermediate heights, the mechanism cannot be 
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Figure 2- 19- Loadfactor pattern in a 5 storeys building (s/h=0.8;f=0.4).
2.4.2 In plane mechanisms in presence o f loads horizontally distributed
The presence of horizontally distributed loads is a very common situation when 
considering the same panel previously examined as one of the building partitions. In this case 
the horizontally distributed loads simulate the action exerted by the roof and intermediate 
horizontal structures.
With reference to Figure 2- 20, representing a panel of overall dimensions L,H and 
number of storeys N, a uniformly distributed vertical load on top of the wall qr, will be
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considered. Similarly, uniformly distributed vertical loads qj will be considered on each of 
the N-l levels (Figure 2- 20).
The weight of roof on the wall portion identified by the crack angle a c is:
Qr = q r - 3 d x x; (2-31)
where dx\ has been previously introduced (see equations 2-24 and 2-25).
The total weight of the horizontal structures is:
C , = « / • ! * , ; (2-32)
where l t is the segment length of each floor, given by the variable Oc.
It has been assumed that in the case of a single storey building Qf=0.
Ht gcx
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Figure 2- 20 - Uniformly distributed vertical loads o f roofs andfloors in a wall with N storeys.
Moreover, it has been assumed that, beside the vertical load action, these structural 
elements can also develop a restraining action exerted by friction acting at wall supports. This 
assumption has been made by considering all these structural elements as simply supported by 
walls, without any anchor device which would prevent friction developing. However, while 
this assumption is sufficiently realistic for wooden structures, it becomes less appropriate for 
other kinds of structures, such as r.c. slabs which are necessarily anchored to the walls.
The frictional effect of the roof (Cqr) and floors (Cqj) is given by:
Cqr ~ Qr " f  ’ (2-33)
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Cqr= Q f f \  P-34)
Hence, the expressions for the overturning and sliding mechanisms introduced in (2-22), 
(2-23) and (2-26) become:
Forac<ab :




»(,,)■dyx+dxi - -zQr+Qfyd. y
+ H .\Cqr+- C qf





+ H - \Q r + - Q f
XQ —
+ H . \ C w + - C ¥
w2 -Wx-dyx+ H  +
tga
+ H Q r + \Q f
(2-36)
- _ Ctot(a) + Cqr + CqfAn — (2-37)
Wx+W2+Qr +Qf
Note that in equation (2-35) the weight of roof Qr has been considered as acting in the 
middle of the segment H tga. Moreover, the increase of the total shear strength due to the 
weights of roofs and horizontal structures has been disregarded.
Figure 2-21 and Figure 2- 22 compare the functions of Xc for walls with the same 
parameters as those in Figure 2- 13, Figure 2- 14, in presence and absence of uniformly 
distributed loads Qr and Q f, acting on 5 storey walls. As can be observed, the presence of Q 
produces a considerable increase in Xc in both cases, rising from Xc =0.26 to Xc =0.4 in the first 
case, and from Xc =0.18 to Xc =0.4 in the second case. However Figure 2-21 and Figure 2- 22, 
are purely indicative, as increasing the number of floors actually increases the load factors.
These results are generalised in Figure 2- 23, which outlines the effect produced by 
increasing the distributed loads for the same wall characterised by different s/h ratios. The 
increase in distributed loads (Qtot) leads an increase in the final load factor. However, this 
increase is more significant for small s/h ratios, while for progressively higher s/h values each 
curve tends to become flat when associated with higher friction coefficient. To sum up, it can 
be concluded that the presence of horizontally distributed loads produces an improvement in 
the mechanical performance of the panel in relation to in-plane failures, but only for a rather 
small staggering ratio, always lower than 1.
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Figure 2- 21 - Functions of Ac ,and As for Figure 2- 22 - Functions o f Ac ,and As for
L/H=0.35;f=0.4;s/h=l,5,N=5, in presence and absence L/H=1.2;f=0.4;s/h=0.35, N=5 in presence and absence 
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2.5 Formulation of out-of-plane mechanisms
This section contains the formulation of 8 out-of-plane collapse mechanisms of outer 
walls, as previously identified in §1.6 of Chapter 1. It also considers the occurrence of local 
collapse of vertical additions or gable ends.
The formulation of out-of-plane mechanisms is developed by taking into account, when 
required by the model, the restraining action developed at connections between the fa9 ade and 
the party walls according to the mechanical model described in §2.2.
2.5.1 Overturning o f faqade and o f facade with side walls (A,B1,B2)
The failure mechanisms presented in this paragraph are all characterised by the 
overturning of the fa9 ade wall, and differ from each other in the position of the cracks, as 
shown in Figure 2- 24.
Type A refers to overturning of the fa9 ade without the participation of the party walls, 
because no connection is present at the edges of the wall, or when such connection is rather 
poor due to the geometric dimensions of the connecting elements. Mechanisms B1 and B2 
will occur instead of mechanism type A when the level of connection is sufficient to involve 
either one or both party walls in overturning the fa9 ade wall. These mechanisms develop 
through the occurrence of a diagonal crack along the party wall and a horizontal hinge on the 
fa9ade.
Figure 2- 24 -  (A) Faqade Overturning; (Bl) Faqade Overturning with one lateral wing; (B2) Faqade
Overturning with two lateral wings.
(A) (Bl) (B2)
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The position of the crack angles in both mechanisms Bl and B2 is optimised by means of 
the in-plane formulations in §2.4.
Moreover, it is assumed that all the mechanisms could occur partially as well as by 
involving the whole facade. Their analytical formulation is developed in a general form, 
suitable for any of the N storeys of the building, with the horizontal hinges forming at any 
storey level.
Figure 2- 25 shows the geometric parameters and the centre of mass of vertical and 










Figure 2- 25 -  Free standing wall: 
geometric parameters, and acting loads.
Pi
Figure 2- 26 -  Wall and party walls overturning: geometric 
parameters, and acting loads
The equilibrium to rotation of a generic storey i around a generic hinge j ,  placed at a 
lower storey (j> /'), yields the net moment:
MtJ = Wt • AxitJ -  /t Wr  AytJ (2-38)
where the vertical and horizontal lever arms Ax, y and Ayt . are governed by:
A x A y  = H  - ( h ,u  2 s . j  I . (2-39)
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For case (A), the sum of the bending moments regarding all the storeys above level j ,  in 
relation to a given hinge j ,  is the following:
I X y  = Z K  ■ * * ,> ) - £ ( * -w . -AKu) <««>
/=1 i= l  i= 1
The seismic factor X for mechanism A relative to a generic hinge j  (with 1 <j<N) placed 
along the height H of the building is:
j=i__________
£ k - ± y j
* < ° u = - -------------  P-4')
i= l
Expression (2-40) does not consider any restraining force exerted at the fa?ade 
connections. Hence, formulation (2-40) is suitable for a building wall where the connections 
at the edges of which, are insufficient or totally missing.
However, when the edge connections are effective, the total shear strength Ctot along the 
vertical edges, has to be taken into account. In this case the load factor becomes:
l £ . f c -Ax(J ) ] + ( *  + /?)•
1=1
f C  -
m~J 3
Ao w= — -------------------------------------------  <M2>
Z r . - A v J
i= l
where
s is the number of edge party walls considered orthogonal to the fa?ade under 
examination, introduced at §2.3.2. 
p is the number of internal bearing walls orthogonal to the fa9ade, and effectively 
anchored to it, as described at §2.3.2.
Ctot-j is the total shear strength developed along a vertical crack of height Hy, as formulated in 
(2-2) and (2-3), applied at 1/3 of the height Hy. This formulation is applied to all (e+P) 
orthogonal walls considered, characterised by sufficient connections with the front wall. 
In the cases of failure modes Bl and B2, it is assumed that at least one edge connection, 
between the fa9ade and orthogonal walls is sufficient to involve the lateral wings in the 
overturning. The crack angle a c in both mechanisms Bl and B2 is optimised by means of the 
in plane formulation discussed in §2.4.
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However, as in this case the walls subjected to the in-plane actions are those placed 
behind the fa9ade and connected at its edges, the load factor expressions (2-22),(2-23) and (2- 
26) refer to the perpendicular walls, and not to the main facade.
On the basis of the in-plane approach developed in §2.4, it is therefore possible to 
determine the critic angle <Xc, which represents the slope of the crack along the side walls. The 
calculation can be performed for any storey of the building, considering progressive values of 
Hi as increasing from the top.
Once the limit angle a c has been optimised at any storey i, it is possible to proceed to 
the calculation of mechanism Bl and B2 (Figure 2- 26).
The load factor A., expressed in relation to hinge j, is governed by:
Ws(cg) and the relative crack angle cij are the same for all orthogonal walls participating 
in the failure mechanism. This assumption is equivalent to considering all the 
orthogonal walls as having the same fabric layout (s/h) as well as the same overall 
geometric parameters (L/H).
As can be noted, equation (2-43) does not consider the variable Ctot(cg), relative to the 
total shear strength along the crack line inclined at ctj, since the variable has already been 
taken into account when optimising the crack angle according to equations (2-22, 2-23) and 
(2-26). This is equivalent to assuming that the overturning failure sets in only once the 
inclined cracks have cut the party walls.
When roof and floors vertical loads are acting, as shown in Figure 2- 27 and Figure 2- 
28, equations (2-42) and (2-43) become:
[ - A x J  - ^ a j + r .
1=1 w
(2-43)
for e =1,2 respectively for failure mechanisms Bl and B2, where:
Ws(cg) is the weight of the side wall portion identified by angle a,j. It has been assumed that
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Figure 2- 27- Free standing wall with 
vertical loads applied
+ / — (/-<)) (M5)
[ £  (w.-Avu) l+<*+ f>) ■ \  +a  ~ ~ 0"-0
/= i j  t v  i= i  J y
for e =1,2 respectively for failure mechanisms Bl and B2, where the lever arm dxj is:
f a - r jdx: — Tt — ( x 
J 2 - ( A T - l )
(2-46)
and Ws(aj) is the weight of the portion of side wall identified by angle aJ? including the 
weight of the roof and horizontal structures, as formulated in (2-31) and (2-32). In this case, 
the centre of masses of the roof and floors is assumed to coincide with that of the wall 
portion.
The three failure mechanisms A, Bl and B2 are compared in Figure 2- 29, Figure 2- 30, 
where the associated load factors for a 5-storey wall are plotted against the slenderness 
(Hi/Ti) relative to increasing wall portions, with the number of storeys progressing from 1 to 
5 (entire wall height). The wall thickness has been kept constant for all storeys, so the 
slenderness ratios from the bottom storeys upwards increases linearly. Each curve of the
Figure 2- 28 - Overturning with side walls, with 
vertical loads applied
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following diagrams is then characterised by 5 load factors, the first 4 of which concern partial 
collapses, with the number of storeys involved increasing to the right, while the 5th represents 
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Figure 2- 29 -Comparison o f the 3 failure modes in Figure 2- 30 -  Load factors patterns for different 
presence and absence of edge connections, values o f masonry stagger ratios s/h
(H/L=3;f=0,4;th=0.8;Ls=4; s/h=1.2)
Figure 2- 29 outlines the role exerted by edge connections on the 3 failure modes under 
examination. One can observe how the load factors associated with each failure mode are 
ranked in relation to this structural feature. Figure 2- 30 compares the failure mechanisms by 
considering two very different values of s/h (0.3 and 1.2) in order to outline the role exerted 
by this parameter in defining the probability of collapse and the number of storeys most likely 
involved.
It is important to note how the simple overturning mechanism (A) proves to be the one 
most influenced by the presence of connections: while in the absence of edge connections the 
collapse is more likely to involve the whole fa9 ade rather than just a part of it, when edge 
connections are present, the most critical storey becomes the topmost. This behaviour is 
clearly understandable by considering that, while in the first condition the only variable 
affecting the load factor is the fa9 ade slenderness, in the second case the total shear strength 
Ctot(j), placed at numerator of (2-42), produces a radical change in the curve pattern. This 
change is due to the fact that Ctot(j) increases linearly downwards with fa9 ade height more 
quickly than the slenderness ratio. However, as outlined in §2.2.2, the increased ratio of the
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total shear strength Ctoto) is governed by the stagger ratio s/h. The diagram of Figure 2- 30 
shows that, even in the presence of edge connections, when the stagger ratio is smaller than 
that one considered in Figure 2- 29, the critical storey becomes an intermediate one. In 
conclusion, for failure type A, while in the absence of edge connections the whole fa9ade is 
always involved in the mechanism, in the presence of connections the failure strictly depends 
upon the stagger ratio s/h. For increasing s/h ratios, the fa9ade load factor will also increase, 
while the number of storeys involved gets gradually smaller.
Similar behaviour is illustrated in the two diagrams for failure type Bl. In this case too, 
the presence of edge connections leads to greater values of the load factor, while the critical 
number of storeys tends to decrease. However, this mechanism is less influenced by 
connections than failure mechanism A. As a matter of fact, in this case only one vertical edge 
is considered, while on the other edge the crack is inclined along the orthogonal wall. 
Similarly, the increase in the stagger ratio produces an improvement in the seismic behaviour, 
in terms of load factors and number of storeys involved.
However, failure type B2 is not influenced by vertical connections since this mechanism 
is characterised by all cracks inclined along the party walls.
Similarly to failure modes A and Bl, an increase in the stagger ratio s/h produces a 
general improvement in the seismic performance, as the load factors also increase. However, 
the number of storeys involved does not change as the minimum load factor always 
corresponds to the entire fa9ade height.
2.5.2 Corner failure (C)
As shown in Figure 2-31, this mechanism is characterised by the overturning of a comer 
around a hinge placed at the basement of the building or at any upper storey, in the case of 
partial collapses involving a smaller number of storeys. The assumptions on which this failure 
mode is based, are:
• Constant thickness T\ (i.e. thickness of the fa9ade at the bottom of the z'-th storey from 
top), along the comer involving i storeys of the facade, for both orthogonal walls 
(Figure 2- 32);
• Rotation of comer around the hinge A*, point of intersection of the orthogonal walls;
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Crack angles af, and a^, respectively on the facade and orthogonal wall, result from the 
optimisation process of the in-plane behaviour (§2.4). As for failure modes Bl and B2, it is 
assumed that the overturning failure can onset only once the cracks have cut both orthogonal 
walls;
A consequence of the previous point is that no restraining action due to the total shear 
strength of the masonry is considered along the cracks, since this was previously taken into 
account in the crack angle optimisation process (2-22, 2-23) and (2-26).
Figure 2- 31 -  Corner failure (c)
Having identified the crack angles, af, and asl at any storey i, it is possible to proceed 
with the calculation of the mechanism, whose geometric parameters are shown in Figure 2- 
32.
The net equilibrium of a generic comer at level i, around hinge At , is:
2 H
3 N
Therefore the load factor is: 





Wfl is the weight of a portion of facade, identified by crack angle afl, with origin at A,, Wfi 
also includes the weight of the roof and horizontal structures Qfand Qr, as formulated in 
(2-31) and (2-32).
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W si is the weight of the side wall portion, identified by crack angle asl, with origin at A,. W sj 
also includes the weight of the roof and horizontal structures Q fS and Q re, as formulated 
in (2-31) and (2-32). 
df, is the lever arm of Wr,;
dSi is the lever arm of Wsj;
The lever arms dn and dSj are obtained by considering that the centres of mass Gf, and G Sj 
of Wf, and W SI respectively, are assumed to coincide with those of the 2 triangles, as shown in 
Figure 2- 32.
H
Figure 2- 32 -  Geometric parameters characterising the corner failure
(2-49)
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The pattern of the load factor X is outlined in Figure 2- 33, as a function of the fa<?ade 
slenderness H/Ti, for a given value of the friction coefficient / .
The diagram shows how for very low values of the stagger ratios (from 0.4 to 1.6), the 
collapse of the comer involves the entire fa9 ade. It can be observed that increasing s/h ratios 
give rise to increasing load factors, showing an improvement of the seismic performance. For 
s/h ratios greater than 1.6, the curves pattern changes, showing the same minimum load factor 
on the upper storeys for any value of s/h.
This behaviour is in agreement with that described for failure mode A outlined in Figure 
2- 30.
Similarly to failure mechanisms A, Bl, B2, the friction coefficient influences mechanism 
C in same way as s/h, so that for increasing values of / ,  the set of curves moves upwards, 
showing an improvement in the seismic performance.
In conclusion, for mechanism C, the likelihood of occurrence as well as the number of 
storeys involved, is deeply influenced by the masonry fabric, and hence by the s/h ratio, so 
that the smaller the overlapping length between the stones, the greater the associated load 
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2.5.3 Partial overturning (D)
This mechanism, shown in Figure 2- 34, has been developed in a general form, in order 
to involve a variable number of storeys i. The assumptions made are:
• Inclination of the crack line is defined by the diagonal through i storeys and is not
influenced by the opening layout;
• Average thickness Tmh between thickness at the top (Tu) and at level i (T,);
• Torsional friction resistance along the inclined crack line is not considered.
Figure 2-35 (a,b) shows the geometric parameters involved.
The mechanism can be formulated by expressing the equilibrium of a triangular portion 
of i storeys from the top around the cylindrical hinge x, (Figure 2- 35, a,b).
The equilibrium around x, is:
where:
W, is the weight of the triangular portion in question of thickness Tmi;
Qr is the total weight of the roof along L;
Qf, is the total weight of horizontal structures acting on the triangular portion delimited by
Figure 2- 34 -  Partial overturning (D)
A cos«, • Wt ■ Ay, + Qr
cos or,
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C tot.i is the total shear strength developed along the vertical edge of height H„ as formulated 
in (2) and (3), applied at 1/3 of the height H /;
C/0,.#is the resultant total shear strength developed along the p internal bearing walls of
segment lengths included by angle otj, as formulated in (2-2) and (2-3), applied at i/3 of 
the height H ,;
ir iiiiiiiimimiiimiiiiiiimiimiimiiiimiimiiim
(a) (b)
Figure 2- 35 -  Geometric parameters involved in the mechanism
The total weight of horizontal structures Qfis:
G, = « ,•£ * < (2-51)
where i i is the segment length of each floor, identified by the angle aj, as introduced at
(2-32). It is assumed that in the case of a single storey, Qf=0.
Equation (2-50) also considers the restraining actions developed by roof and horizontal 
structures due to the friction effect.
The lever arms Azl and Ay, are governed by:
TAz, = ^ ~  
1 2 a (2-52)
Finally, the load factor is:
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Y • (c «-. + C» J + Az- • &  +  Qr +
% _ V ______________________________________
(w r Ayi+ Qr- ^  +  Q fi-A y i
The behaviour of this failure mechanism is highlighted in Figure 2- 36, obtained by 
plotting the load factors as a function of the slenderness ratio Hi/Ti.
The diagram outlines the role exerted by the stagger ratio s/h, shown to be equivalent to 
that observed for mechanism A (Figure 2- 37). For increasing values of the s/h ratio, the 
function tends to shift upwards with increasing steepness, outlining the onset of the 
mechanism for fewer and fewer storeys: for s/h = 0.3, the mechanism involves 3 storeys, 









— A  ( b o t i  connection#) 
- A ( 1  connection)
0 ( w l h  connection)
Figure 2 - 3 6 -  Loadfactor curves as a function of the Figure 2 -3 7 -  Comparison between failure
slenderness, for different values o f the stagger ratio mechanisms D and A (with and without connections)
s/h, in presence o f lateral connection (H/L=5; (H/L=5; Tb=0.8, s/h=1.2)
Tb=0.8).
Figure 2-37 mechanism compares D and A taking into account the level of connection at 
the edges. It can be observed how the edge connections influence their ranking as well as the 
number of storeys involved. If the wall is strongly anchored to party walls (e=2), mechanism 
D is more likely to occur than A, and just the two top storeys would fail. When the 
connections are asymmetrical, the onset of mechanism D on the side where the connection is 
missing can be seen to become the most probable. This means that D is still the most 
vulnerable and in this case the entire facade is involved in the mechanism.
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2.5.4 Partial overturning influenced by opening layout (E)
When the opening layout is characterised by two columns of windows vertically aligned, 
the facade can collapse according to the failure mode sketched in Figure 2-38.
The collapse can also occur partially, involving a variable number of storeys /, which 
overturn around a cylindrical hinge placed at the bottom of level i.
It is assumed that the portion of fa9 ade involved is conditioned by the width of the side 
piers, which define the distance between the column of the openings and the closest vertical 
edge. Therefore if the windows are aligned vertically and the width of the side pier is greater 
than the width of the window and if the edge connection is active, the vertical crack can occur 
within the fa9 ade itself, on one or both sides of the fa9 ade.
Figure 2- 38 -  Partial overturning conditioned by opening layout
In order to define different failure modes, the width of side piers is considered regular 
when greater than the window width. This geometrical feature is governed by the variable r\, 
introduced in §2.3.2.
Three different failure mechanisms, depending on the width of side piers, can be 
identified and these are sketched in Figure 2- 39 (a,b,c). When the openings are sufficiently 
distant from both vertical edges of the fa9 ade (r|=2), the failure occurs according to Figure 2- 
39 (a). In this case both cracks are internal to the fa9 ade and run along the external alignments 
of the two window columns. When one of the two piers is not regular, the crack moves along 
the external edge of the window column (Figure 2- 39, b).
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Finally, when the openings are very close to both fa9 ade edges (rj=0), as shown in Figure 
2- 39 (c), it is reasonable to suppose that the cracks appear directly at fa9 ade edges (Lvar=L). 
Figure 2- 40 summarises all the geometric parameters defining this failure mechanism.
The analytical formulation of this mechanism can be directly derived from the one 
obtained for simple fa9 ade overturning (A) (2-44).
The equilibrium to rotation of a generic storey i around a generic hinge j , placed at a 
lower storey (/>/) yields to equation of the load factor, valid for any value of q:
Figure 2- 39 -  Portions o f fagade involved in the collapse in 
relation to the spandrel length
Figure 2- 40 -  Geometric parameters 
involved
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where %,ti) is a finite number depending on 8 and r\, related to the effectiveness of the 
connections between the facade portion involved in the failure and the edge orthogonal walls. 
Its value is governed by the following conditions: 
for r\=2 => n ^ ^ O  
for r|<2 => n ^ )  =(e-r|)
n ^ )  is assumed to be 0 in all cases where (e-q)<0.
In the same equation, W\ represents the weight of the fa?ade involved in the mechanism 
of variable length Lyar- The other symbols have been previously defined.
As can be observed, the main difference between equation (2-44) obtained for 
mechanism A and equation (2-54) relative to failure type E, consists in the total shear strength
Ctof
In the presence of openings, the Ctot distribution has been simplified by considering a 
continuous distribution along the height (Hj-j-hop) in place of a discontinuous function 
interrupted over the opening heights.
Figure 2-41 compares the load factor patterns for failure mode (E) relative to a facade 
characterised by the same opening layout but different side piers.
When both edge connections are missing (8=0) which means that the facade is a free 
standing wall, mechanism (A) becomes the most critical failure and its curve is coincident 
with that of E with both lateral piers irregular (r|=0). Lateral piers either asymmetrical (r|=l), 
or both regular (r]=2), are associated with higher load factors. Moreover, it can be observed 
the coincidence between the curves (e=0; q=2) and (e=2; q=2) due to the fact that when r|=2, 
the load factor is not influenced by the effectiveness of lateral connections, because in both 
these cases the vertical cracks are internal to the fa9ade.
When the connections of the fa9ade to the orthogonal walls are both effective (8=2), it 
can be observed that the three E curves for the three different opening layouts (n=0, t|= l, 
r|=2) are rather close to each other, their slight differences just depending upon the different 
masses involved in the mechanism. However, it is evident that in this case mechanism E is 
much more likely than A, and the storeys involved, whatever the lateral pier, are the two at 
the top.
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Figure 2- 41 -  Load Factor patterns for (E) for the same opening layout and different edge spandrels, in 
the presence and absence o f connections with orthogonal walls. Comparison with failure type A. (H/L=5;
Tb=0.8;s/h=1.2)
2.6 Out of plane mechanisms based on the “arch effect’
2.6.1 Out of plane mechanism based on vertical arch effect (F)
As introduced in §1.6, this failure mechanism onsets when the presence of strengthening 
devices cause vertical strips of the fa9 ade to tend to deflect outwards, being restrained at the 
top and bottom (Figure 2- 42). The analytical model simulates the presence of strengthening 
devices by identifying two cylindrical horizontal hinges placed at variable height along the 
fa9 ade of the building. As the cylindrical hinges simulate the restraining action exerted by 
strengthening devices, it is assumed that the two extreme hinges are positioned at floors and 
roof levels only (D’Ayala, Speranza, 2003). When the mechanism is triggered, a third central 
hinge forms along the fa9 ade, whose position is marked by a horizontal crack, at an 
intermediate position between the two edge hinges.
The mechanical model is formulated in a general form, assuming that the two edge 
hinges are located at any level along the total height H of the fa9 ade.
Moreover, a linear variation in the thickness of the fa9 ade from the bottom to the top has 
also be assumed.
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1 A i r>
Figure 2- 42- Vertical strip arch failure (F)
Figure 2- 43 describes the geometric parameters involved. The total height H of the 
fa9 ade is split into three portions, respectively:
Hu is the wall portion above the upper hinge i, simulated by a vertical load Qu acting on the 
portion beneath ;
Hvar is the wall height directly involved in the mechanism. It is identified by the position of 
the extreme edges i and j.
Hb is the wall portion placed below the lowest hinge j. It does not take part to the failure.
The third hinge k is placed in a variable position along Hvar. The hinge k divides the 
height Hvar in two sub-portions, Hi and H2 .
Hi and H2 can also be expressed as a function of Hvar as follows:
H , = ^ ;  i ) .  (2.55)
V  V
where v is a variable governing the position of intermediate hinge k.
The static system will be solved by means of the Virtual Works Principle, according to 
the formulation previously developed by Tocci et al. (1995), by expressing the work produced 
by every single force acting in the system.
As highlighted in Figure 2- 44, the two portions 1 and 2 rotate respectively around the 
centres Qi and Q2, which represent the instantaneous rotation centres of the system.
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Figure 2- 44- Centres of
Figure 2- 43- Geometric parameters influencing the model instantaneous rotation o f the model
The rotation angle (p of portion 2 around Q2, can be expressed as a function of 0, which 
represents the rotation angle of portion 1 around Q\ :
H,
( p  =  $ ■  —
Ht
(2-56)
To sum up, the forces acting in the system are:
W1 and W2 Weights of portions 1 and 2, respectively;
XWi and AW2  Horizontal forces of portion 1 and 2 developed by seismic action;
Qu Vertical load above the wall portions 1 and 2.
Qr Roof weight on the whole fa9 ade of length L;
Qfi Floors weights on the whole fa?ade of length L;
/*Qft Restraining action exerted by floors through friction;
A-Qfi Horizontal forces produced on Qf, by the seismic action;
Ctot(i) Restraining action exerted by edge and internal orthogonal walls along Hi;
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The weights Wi and W2, relative to portion 1 and 2, are:
W> =
H,
L-r ; w2 =
T„ +Tj ( v - l ) L-y (2-57)
where 7/, 7*, 7}, are respectively the wall thickness at the levels of hinges i,kj. 
The relative displacement of the forces Wi and W2 and XWi and XW2 are: 
y  =  (d -  X t ) • <p = (d -  X , ) • M y -1); 
where







SW2y  = X 2 -i9;
SXW.x = (H „ - Y f < p  = { H „ - Y f 9  { v - 1);
SAW2x = Y2-3;
where Xi, Yi, X2, Y2, are the coordinates with origin at hinge j, expressing the position 
of the centres of mass of Wi and W2 .
The vertical load Q„ is:
Q.={T„+Tl) H . r -L
Moreover, the vertical loads Qu and Qr can be added, as follows:
Qtot =Qu+Qr
and the relative displacement of Qtot is:
(2-63)
(2-64)
& t « y = \ d ~ y < p  = d — s- 2
• 3  • (v - 1) (2-65)
in which Qtot is assumed to act at the midpoint of the top thickness Tu. 
The displacements of Qfi f-Qfi, and X-Qfi are governed by:
For H u<Hi< (H u +H i):
S — \(  . T \ ( J T \II&rT13^ d — s-
v 2 J l  2 )
#Qf y  =
SQf x = H i (p =  Hi 
For (H u +H i)<H i<  (H -H b):
(2-66)
(2-67)
s Q , y = ~ 9 (2-68)
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SQf x = ( H ^  + Hu- H f 9  cmq
In these cases too Qf is assumed to act at the midpoint of the top thickness Tu.
The restraining actions C tot(i) and C tot(2) are:
Q o /( l )  =  ^ to t ( k )  ~  C „ w  ;  (2-70)
C lot(2) =  Ctot(j) ~  ^tot(k) V-H)
where, C tot(i), C iot(k), CtotO) are the cumulative restraining action of the wall under 
examination respectively, at levels i, k and j ,  according to the frictional model formulated in 
§2.2.
The displacements of C tot(i) and C iot(2), are:
=  (2-72)w 3 3 v
= . 0  =  I . ( v - l ) . ^  =  i<5C„,(1)*  (2-73)
Finally, the total work is:
(XWx -8Wxx) + (XW2 ■SfV2x)+(Q Ji -SQjjX) =
(2-74)
= (Wl •SfVly) + (W2 'SfV2y)+ (Q tBI '&QMy) + (Qjj ‘fiQjty) + (f 'Qj j  '^Qjix) + (CW(I) + —CM(2y)-SCM^ x  
Hence, the load factor X9 is:
QVX -SWxy)+(W2-m 2y)+(Qol • SQ^y)+(Qfi ■ SQfiy ) S Q flx)+(Ctom +^Ctol(2))-SOlot(x)x
X = ----------------------------------------------------------------------------------------------------------------------------^------------------------  (2-75)
<Wi-SfVxx)+(W2 SfV2x)+(Qfi dQflx)
The value of the load factor X depends upon the parameter v, influencing the position of 
the intermediate hinge k. This means that the horizontal intermediate crack along the fa9ade 
will occur at the level giving the minimum value of X.
By comparing the load factor functions drawn as a function of v in the presence and 
absence of a vertical load Q (Figure 2- 45), it is possible to observe that while for Q=0 the 
function has no minimum, for Q>0 the minimum occurs at an intermediate position along the 
height Hv.
This leads to the conclusion that, when no vertical load is present, the crack occurs just 
below hinge i, whereas when Q is present, its position will move downwards along Hv.
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«— both connections (s/h =0.3) 
— both connections (s/h)=0.8 
—  both connections (s/h=1.2)
Figure 2- 45 -  Loadfactor patterns as a function of the Figure 2- 46 -  Position o f hinge and minimum load
variable v, governing the position of the intermediate factor for different level of connections and stagger
hinge k (H=15, L=5; Tb=0.8;s/h=0.3) ratios (H=I5, L=5; Tb=0.8)
The role exerted by the lateral connections as well as by stagger ratios s/h is outlined in 
Figure 2- 46. The presence of the restraining action developed at wall edges by the total shear 
strength produces an improvement in the seismic performance, which gradually increases as 
s/h increases. It can be observed that the curves become gradually higher for increasing s/h 
ratios, while the lowest load factor curve corresponds to the case of total absence of lateral 
connections. Since the diagram of Figure 2- 46 is plotted for Q=0, the critical hinge is always 
placed just below the top horizontal hinge.
The presence of lateral connections as well as the increase in stagger ratios s/h, produces 
a similar effect on the load factors when Q>0. In this case, higher load factors are associated 
to increasing values of s/h, while the critical hinge is always placed at an intermediate height 
of the wall, as in Figure 2- 45 for Q>0.
2.6.2 Horizontal strip arch failure (G,Gs)
This mechanism is characterised by a central trapezoidal portion which, under the effect 
of the seismic action, tends to shift outwards as shown in Figure 2- 47a,b. In order to onset, 
the mechanism requires the formation of one cylindrical hinge (C) along the vertical
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symmetry axis of the fasade and two horizontal sliding rollers (A,B) placed at the bottom of 
the portion of wall in question, at the level of the horizontal crack line .
(a) (b)
Figure 2- 47- Horizontal strip arch failure (a - failure mechanism G; b -  failure mechanism Gs)
The failure is characterised by the central trapezoidal portion which is split into equal 
sub-portions, which, under the effect of the seismic action, tend to be displaced outwards from 
the fa9 ade plane rotating around the instantaneous centres of rotation Qj and Q2 (Figure 2- 
48). Because of the outward displacement of the central hinge, edges A and B are also forced 
to move along the horizontal. In order to be triggered, the mechanism must satisfy the 
condition according to which the resistance to the outward displacement, developed by the 
edges of the fa9 ade, is overcome. This resistance has been assumed as the force required to 
trigger the sliding of the triangular edges along the bottom horizontal layer (Figure 2- 48).
The mechanism has been formulated in general form, valid for for a variable angle a  and 
for a variable height Hi of the wall which fails, according to the portions involved by the two 
failure mechanisms of Figure 2- 47 (a,b).
The assumptions at the basis of the analytical formulation are:
• Constant wall thickness Tu, along the variable height H j .
• Horizontal floor actions are disregarded;
• Torsion friction is disregarded;
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Figure 2- 48 -Displacements and centres o f Figure 2- 49 -  Geometric parameters involved
instantaneous rotation.
Figure 2- 49 illustrates the mechanical and geometrical parameters involved. The 
formulation of the mechanism consists of expressing the equilibrium of the generic horizontal 
strip of trapezoidal shape, height H„ and top and bottom lengths L and t a respectively. The
system can be analysed through the horizontal cross section of the fa9 ade, at the level of the 
bottom length. Moreover, because of the symmetry of the system, it is possible to reduce the 
system to one half, and express the equilibrium of this sub-portion around hinge A (Figure 2- 
49, bottom).
A horizontal thrust R, is assumed to act on the inside of the fa9 ade, with vertical lever 
arm Tu .
The failure can occur only when the horizontal thrust reaches the frictional resistance Ri,m 
developed by the lateral triangular edge.
Therefore, the limiting horizontal thrust Ri,m, is:
= (Wsj ’ / )  +  C M(a i) (2-76)
where:
W(a i) is the weight of the lateral triangular portion;
Ctot(a,i) ls the total shear strength developed along the crack line from the top to H,.
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31
The net moment equilibrium around hinge A is governed by:
in which the variable length i a is a function of angle a:
£a = L - 2 - t g a - H i ; 
the weight Wf is:
(2-78)
(2-79)
and Axi is the horizontal lever arm of Wj. Equation (2-77) is valid only for AXj >0.
In the overall equilibrium has also taken into account the restraining action exerted by the
internal bearing walls Ctot(p)-The contribution of party walls is expressed as the sum of the 
moments developed by the p/2 internal walls, hence placed at one half of the facade length. It
I
is assumed that dk must always be smaller than ~ .
Finally, the load factor of the facade, for a variable angle a  and height H* of the collapse 
portion, is given by:
Among the possible values of a  and height H„ the limit state configuration is that for 
which A.mm=min(A,a,Hi). This will identify which wall portion fails and the value of the angle of 
the lateral crack.
Figure 2- 50 shows the load factor patterns as a function of a, for different L/H ratios, in 
relation to a fa9ade with no internal bearing walls (p=0), or distributed vertical load 0).
As it can be observed, the function X is strictly dependent upon the ratio L/H. In 
particular, for increasing values of L/H the load factor decreases. Moreover, the greater the 
L/H ratio, the higher the crack angle associated with the failure. The functions show a 
minimum for ratios less than 1.33, while beyond this value they do not admit m inim um .
The influence of the stagger ratios together with the presence of internal bearing walls is 
outlined in Figure 2- 51. As it can be observed, in the absence of internal bearing walls, the
(2-80)
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increase in the stagger ratio produces an improvement in the seismic performance only for 
L/H ratios less than 1. Beyond this limit, the two curves coincide.
When an internal bearing wall is present, an increase in the stagger ratios from 0.3 to 1.2 
produces a uniform improvement in the seismic performance for any value of L/H.
In conclusion, as the number of internal bearing walls increases, the increase in the 
stagger ratios s/h becomes more and more effective, and hence the overall seismic 
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alfa-c
LAW),4 —■— LAW),5 —•— LAM),66 UH=1
0 0.1 0.2 0.3 0.4 0.5 0,6 0.7 0,8 0,0 1 1.1 12 1.3 1.4
L/H
a No intwal (s/h=1.2) - - - No intwal (s/h=0.3)
-a— 1 intwal (s/h=1.2) — •— 1 intwal (s/h=0.3)
Figure 2- 50 -  Load factor patterns as a function of a, 
for different ratios L/H (Tu=0.8,s/h=1.2, J3=0;f=0.4)
Figure 2- 51 — Loadfactors patterns as function of 
L/H, for different stagger ratios s/h, in presence and 
absence o f 1 internal bearing wall.
2.6.3 Vertical addition and gable overturning (I,L)
These mechanisms are associated with the presence of structural features particularly 
vulnerable to seismic action.
Vertical additions, when built up after the original building construction, are often 
associated with a notable reduction in thickness and a lack of effective connection between 
orthogonal walls. In such cases, a very typical failure is the simple overturning of its fa9 ade 
(Figure 2- 52, a).
One most vulnerable elements, is the gable end at the top of the building facades. If the 
connections to the rear structures are weak and the geometric proportions are too slender, this 
element can undergo the failure mode sketched in Figure 2- 52, b.
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However, both mechanisms, if triggered, can produce partial collapses, which do not 




Figure 2- 52 -  Vertical addition and gable overturning
From a mechanical point of view, the two mechanisms are equivalent because they are 
characterised by the simple overturning of a geometric element around a cylindrical hinge 
placed at its base. As well as their own weight and the lateral seismic action, a further load 
taken into account in the analytical formulation is the action of the roof, assumed to be 
horizontally distributed along the top surfaces.
Figure 2- 53 and Figure 2- 54 outline the geometric parameters required for the 
analytical formulation of the two failure modes.
The load factor relative to the overturning of the vertical addition is simply governed by:
X.. =
~ ( K + Q r ) + ( Q r  f H , )
(w )
«,■ — +Q,I 2 *'J
(2-81)
where Wv, Hv and Tv, are respectively the weight, total height and thickness of the vertical 
addition. Qr is the resultant of the horizontally distributed load along the building length L:
Q r = L ( l r  (2-82)
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Figure 2- 53- Vertical addition -  Geometric 
parameters involved in the problem
Figure 2- 54 - Gable overturning - Geometric 
parameters involved.
The load factor relative to the gable overturning is:
X.. =
y ■K+0,)+
• f c + a )
(2-83)
where Wg and Hg are respectively the weight and total height of the gable. The gable 
thickness is assumed to be equal to the thickness Tu at the top of the building.
Qr is the resultant of the horizontally distributed load along the two gable pitches inclined 
at angle a g :




The only constraining action considered in equations (2-81) and (2-83) is the one exerted 
by roof weight because of the friction effect.
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A comparison of the mechanisms formulated in the previous sections helps to clarify 
their behaviour and to find out which variables are most significant in relation to the overall 
equilibrium of the building fa9 ade.
The following parametric analysis refers to a sample building facade, characterised by 5 
storeys, fa9 ade length and height of 5 and 15m respectively, depth of party walls 4m, constant 
thickness 0.8m; no internal bearing walls; intermediate stagger ratio of the masonry s/h=1.2, 
and friction coefficient 0.4 .
The role exerted by the lateral connections to the orthogonal walls is highlighted in 
Figure 2-55 and Figure 2- 56, relative to the presence or absence respectively of both edge 
connections. In general, it can be observed that the presence of connections produces an 
improvement in the load factors for all failure types, except for those (B2,C,H) which are not 
influenced by this variable. In this case, failure E also proves not to be influenced by lateral 
connections, because of the opening layout chosen (t|=2).
While in absence of lateral connections the fa9 ade load factor is 0.062, and the associated 
failure mechanism is D, when the connections are effective, the value increases up to 0.176, 
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Slenderness
Figure 2- 55 -  Loadfactor values as a function of the slenderness ratio in a - storeys facade in the 
presence o f both lateral connections (L/H=3;Tb=0.8; f=0.4; s/h=1.2;e=2;rj=2).
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Figure 2- 56 - Loadfactor values in function o f the slenderness ratio in a 5 storeys fagade in absence of 
lateral connections (L/H=3;Tb=0.8; f=0.4; s/h=1.2;£=0;rj=2).
Figure 2- 57 illustrates the role exerted by the masonry stagger ratio.
This structural feature represents a crucial parameter as it yields the definition of the 
frictional resistance along masonry layers. It influences all the mechanisms analysed, though 
to varying extents.
The failure modes most influenced by the s/h ratio are the vertical “arch effect” F, the 
comer C, with load factors increasing according to a steep linear seen to be pattern.
For all the other failure mechanisms an increase in the stagger ratio produces a general 
increase in the associated load factors.
Finally, Figure 2-58 highlights the role of a horizontal load simulating the roof and the 








Figure 2- 57 - Loadfactors curves in function o f the staggering ratio s/h.
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It can be observed how the presence of quite small vertical loads, compared with the 
weight of the total fa£ade, produces an improvement in the seismic behaviour of these 
mechanisms, since for increasing values of Q, the load factors also increase. An exception is 
failure mechanism G, for which the associated load factors decrease with increasing values of 
Q. In conclusion, the presence of Q worsens the overall seismic behaviour for failure G, while 
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Figure 2- 58- Loadfactors curves plotted against the horizontal distributed load (Qr=Qf=Q) normalised 
with respect to the total weight o f the fagade W.
2.8 Conclusions
This Chapter has presented the mechanical formulation of the failure mechanisms 
identified in §1.4.5. The first part of the Chapter was dedicated to the development of a 
frictional model for regular ashlars masonry, able to express the total shear strength acting at 
connections between orthogonal walls, as well as along variably inclined crack lines, dividing 
the wall into two portions. Thanks to this preliminary general model, the formulation of the 
individual failure mechanisms identified in §1.6 has been introduced. Each failure mechanism 
has also been critically discussed through some parametric analysis which enabled the role 
exerted by the most significant structural features influencing the mechanism under 
examination to be highlighted. Finally, comparative analyses have led to understanding the 
way in to which the mechanisms behave and are ranked in relation to significant structural 
features.
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3.1 Introduction
This Chapter presents the development of the FaMTVE method and its implementation as 
a spreadsheet based computer program.
After a brief introduction to the general framework of the procedure, the Chapter 
describes and critically discusses the data inspection criteria.
This phase enables all the structural parameters involved in the analysis to be introduced, 
and to be discussed in relation to the way they are processed for the evaluation of the seismic 
vulnerability. A special section is dedicated to the criteria used to examine the reliability of 
information which allows the method to be used at different levels of detail.
3.2 The FaMTVE framework
The salient steps qualifying the FaMTVE procedure can be described as follows:
Survey In this phase the operator is required to collect information about the
building front under examination. The survey pursues a double purpose: 
collect preliminary general information concerning the most 
representative structural types of the urban centre in question, together 
with specific information about the geometry, structural features, decay 
and damage of each fa?ade;
Calculation Once the 1st step is completed, the failure mechanisms can be calculated 
according to the formulations introduced in Chapter 2. Load factors are 
calculated for each failure mechanism, at every storey of the fa9ade under 
examination;
Screening The results (obtained in the 2nd step) are then screened in relation to
features such as connections with transverse walls, or strengthening 
devices surveyed in the building concerned. This can lead to the total or
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partial exclusion of some failure mechanisms, depending on the 
boundary constraint pattern. Feasible mechanisms are identified through 
a set of decision-criteria introduced and discussed at §3.4.3. and §3.4.4.
Results o f
Calculation After checking the feasibility of all failure mechanisms, these are ranked 
according to their associated load factors. The smallest of them, defined 
critical load factor (p), represents the ultimate capacity of the fa9ade 
under examination to resist an earthquake. The value of p is strictly 
related to the failure mechanism expected and to the extent of the 
building involved in the mechanism.
Vulnerability The seismic vulnerability is defined by two indices: the structural and the 
failure extent index. A qualitative criterion is proposed for combining the 
two indices and for providing a final assessment of vulnerability.
Reliability A criterion for weighing the reliability of the information recorded in the 
survey allows lower and upper boundaries of the final vulnerability to be 
defined.
Figure 3- 1 shows the structure of the FaMTVE computer program, and its capabilities in 
terms of input data checks and interface with the operator.
Once the survey is completed, the data are checked in order to highlight wrong or 
incompatible information. The check is carried out by a systematic check of all the data 
introduced by the operator. If this is not successful, the wrong data, listed in a “error check 
list”, have to be corrected. Once successfully checked, the data are stored in a database, where 
they can also be retrieved and modified for further calculations.
After these preliminary operations, the calculation program (2nd step) can be run. This is 
composed of 4 different sub-routines, which calculate individual or sets of failure 
mechanisms, as shown in Figure 3- 1. Then, having screened the feasible failure mechanisms 
by means of specifically developed decision-criteria, the critical load factor (p) is calculated 
and the final vulnerability defined. Finally, the results are stored in a database.
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STRUCTURAL TYPES
ERROR CHECK LIST:
X X X  
X X X
INPUT DATA 





RUN MACROS FOR 
SINGLE OR GROUPS OF MECHANISMS:
CALCULATION OF 
FAILURE MECHANISMS
L r  Mechanisms A  
H -B1-B2-C  J FAILURE MECHANISMS FEASIBILITY 
CHECKw f  M echanism s^ _____w
*  {  A -D -E  J




OF FEASIBLE EZ> FAILURE MECHANISMS
FAILURE MECHANISMS
Figure 3- 1- Bar chart showing the framework of the FaMlVE computer program
3.3 Survey method
The methodological approach pursued for the survey basically derives from that 
developed by Coboum in 1984. Unlike other investigation criteria (Braga, 1984; ATC-13, 
1985; Benedetti, 1984, FEMA 154, and 155, 1988), critically discussed at §1.4, this method 
aimed to record elementary enquiries, from the urban position of the block to the construction 
features, in order to achieve an overall organic understanding of the structural behaviour of 
the building. The novelty of the inspection process was also that the damage was described 
not only in terms of severity but by the type of damage involved. Following this approach, 
further investigation forms were later developed such as the one by D’Ayala et al. (1996), and 
more recently by Okada et al. (2000) which propose an interesting criterion, focused on 
Japanese building types, to help investigators classify damaged buildings in structural terms.
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Despite the benefits deriving from an inspection process based on structural approaches, 
this type of investigation undoubtedly shows some limits in its applicability.
The level of knowledge and experience needed to carry out this kind of survey, especially 
in post-earthquake situations, requires the presence of a specialised technician, while 
inexperienced operators, often working in emergency situations, cannot be regarded as 
suitable.
The FaMTVE survey method presented is characterised by the following objectives:
• Reduction of the amount of data needed to that strictly necessary to qualify the seismic 
performance of buildings and consequent attempt to reduce data collection time;
• Description of the structural layout of the building by means of local construction 
types. These have to be surveyed in a preliminary stage of the survey.
• Damage description in terms of feasible failure mechanisms, as well as damage level 
and crack pattern.
Sections §3.3.1 and §3.3.2 are dedicated to the description of the survey form, which is the 
operative tool of the method.
S. 3.1 Presentation o f the survey form: geometrical and structural description
The form is composed of 7 sections, 6 of which are dedicated to the description of 
geometric and constructive characteristics of the wall under examination, while the 7th 
concerns the damage survey and association of failure mechanisms (Figure 3- 2; Figure 3- 7). 
The latter is required only in post earthquake situations.
The form can be used both in the case of detailed surveys, when all the measurements 
required can be provided by the operator, and in the case of qualitative inspections only, when 
the measurements are simply estimated. A special field at the end of each section, requiring 
the average level of reliability of the information provided, is used to weigh the data to be 
processed to evaluate the vulnerability.
The building where the wall to be surveyed is located, is identified by a number, assigned 
by the surveyor, and by its cadastre unit. It is a fundamental requirement that the building
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must be an independent unit under a structural point of view. How the building is used and its 
estimated percentage of use must also be known.
The topographic description of the building is completed in section 1, using data on the 
position of the building within the urban context.
IN S P E C T IO N  F O R M  F O R  T H E  S U R V E Y  O F  O R D IN A R Y  B U IL D IN G S
Town | T - m . [ |Cad sheet | | Type of use
Address I " lParflcten. C 3  %of use ____| Surveyor _____________|
( 1 URBANISTIC DATA I I— I
1-1 Block access and escape routes □  1 -4 Position of building within the block n
1-2 Shape and composition of the block I I 1-5 Connection of the fagade to □
1-3 Number of buildings in the block □  adjacent walls
( 2 GEOMETRIC CHARACTERISTICS OF THE FACADE
2-1 Facade orientation  | 2-5 Total height of the facade ____ |
2-2 Number of storeys of the building | | 2-6 Presence of gable □
2-3 Number of storeys of the facade n  2-7 Gable height (if present) □
2-4 Length of the facade  |
( 3 GEOMETRIC CHARACTERISTICS OF OPENINGS ) | \
dap. n*.
3-1 Number of openings per storey 3-3 Opening layout  |
storeys left right
o o o o o  3-4 Lateral pier | I 1
open in gs______________________| 3-5 Height of upper horizontal spandrel
b h
3-2 Estimated opening dimensions________ |
( 4 PLAN GEOMETRIC CHARACTERISTICS ) \ \
4-1 Thickness at basis of facade wall C D  4-4 N. int. bearing walls // to the facade □
4-2 Thickness percentage on top (%) 4-5 Total length normal to the facade □
4-3 N. int. bearing walls perp. to facade |
( 5 STRUCTURAL CHARACTERISTICS ~
5-1 N. storeys with vaulted structures □  5-7 Level of maintenance of masonry □
left right
5-2 Horizontal structure type n  5-8 Connection at edges | |
5-3 Direction of hor. structure □  5-9 Out of verticality □
5-4 Roof structure type n  5-10 Ties/ring beams per storey in the facade
5-5 Direction of roof storey o o o o o
5-6 Masonry type □  ties/ring beams ____ |
( 6 FURTHER VULNERABILITY ELEMENTS ] | *\
6-1 Presence of vertical addition □  6-3 Specific weight reduction % ____ I
H  t
6-2 Dimensions of vertical addition | | *~] 6-4 Chimney flue within the fagade wall □
Figure 3 -2 -  Survey form: description ofgeometric and structural features (sections 1-6)
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Entries from (1-1) to (1-4) require a description of the urban context surrounding the 
building, while field (1-5) specifically refer to the fa9ade under observation.
Fields (1-4) and (1-5) require respectively Position o f the building within the block and 
Connection o f the fagade to adjacent walls. These features exert a direct influence on the 
feasibility of some failure mechanisms.
The position of the building within the block, is described by 5 possible topographic 
arrangements, sketched in Figure 3- 3, describing the most common situations relating the 
building to the urban context.
A further element is required specifically for the external wall under examination, 
provided by the boundary conditions in terms of the number of free comers according to 
Figure 3- 4.
This information has to be congruent with data field (1-4), so that if, for example, the 
building is isolated, the wall in question cannot be in any of the situations shown in Figure 3- 
4, (c),(d),(e). Specific conditions assumed for the feasibility of each failure mechanism in 
relation to fields (1-4) and (1-5) are introduced at §3.4.3.
The geometric survey of the fa9ade is provided in Section 2, together with the facade 
orientation (2-1). Number of storeys of the building (2-2) and of the facade (2-3), total length 
(2-4) and height (2-5) define its global geometry, while fields (2-6) and (2-7) identify the 
presence of and describe gable ends. A sketch of the fa?ade elevation and a plan of it can also 
be added in a special section.
An entire section (3) is devoted to the describing the layout of openings. This feature is 
analysed in only a few methods. Giuffre’ et al. have identified and analytically developed 
several failure mechanisms which occurred in the historic centre of Siracusa and Palermo 
(Italy), due to particular opening layouts (1993, 1999). Furthermore structural analysis and 
experimental tests have confirmed that openings deeply influence the crack pattern and can 
lead to the development of particular failure mechanisms ( Ceradini 1993, D’Ayala et al. 
1995, CNR-GNDT.-2000).
Field (3-1) requires the number of openings per storey, while the average dimensions of 
windows are required in the following field.
The opening layout, recorded in (3-3), is described by the range shown in Figure 3- 5, 
which outlines the most typical arrangements characterising historic buildings.
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Figure 3- 3 -  Position o f the building within the block
(a) (b) (c) (d) (e)
a  r - ALWAYS 2 CORNERS FROM 1 TO 2 CORNERS ALWAYS 1 CORNER
















■ ■ ■ ■%■ ■ ■ ■%[l j V.
y///j^ ^ / / /a
1 comer
■ ■ ■ ■ %§ ■ ■ ■ ■
k_il£^  % ///A
1 comer









Figure 3 - 4 -  Connection of the fagade to adjacent walls 
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Figure 3 - 5 -  Field 3-3- Openings layout
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The number of consequent storeys (starting from the top) influenced by the chosen 
layout must also be recorded in the adjacent box. The way in which this feature can influence 
the feasibility of failure mechanisms is discussed in §3.4.3.
The width of lateral piers must be entered in field 3-4. As introduced at §2.3.2, these are 
defined by the distance between the closest opening along the building height, and the lateral 
edge of the fa?ade. As in the approach pursued by Bemardini (1986), the later piers are 
assumed to be regular when greater than the average opening width and are required for both 
wall edges.
Finally, in (3-5) the height of the upper horizontal spandrel refers to the height of the 
horizontal strip between the highest windows and the top of the wall.
The geometric features of the building plan are surveyed in Section 4. Information 
required includes the wall thickness at the base (4-1) and top (4-2); number of internal bearing 
walls perpendicular (4-3) and parallel to the fa9ade (4-4); and total length normal to the 
fa9ade.
When the survey is carried out only from the street, or even using photographic material, 
information on the interior can be obtained from cadastre plans, or ground floor plans, 
associating a low level of reliability to these data.
Section 5 deals with the structural characteristics of the fa9ade. Horizontal structures (5-
2) and the roof (5-4) as well as masonry types (5-6) are described by matching each of these 
structural elements to specific types, which can be surveyed by the operator in a preliminary 
stage of the inspection, aimed at recognising the common structural layouts of floors and roof 
structures, as well as of masonry fabrics within the urban centre. If the wall is plastered, or the 
fabric layout is not applicable, the surveyor can attribute the same type as that identified in 
other buildings with similar features, assigning a low vulnerability to this information.
The operator is required to match each building to a given type chosen from those 
surveyed. When no preliminary survey is carried out, the operator can choose the most 
suitable structural types from an on-line database, consisting of types defined in previous field 
investigations.
This is a crucial step in the process of investigation, as it enables each external wall of a 
building to be associated with a set of information concerning the interior, which otherwise 
would go unobserved. However, this association necessarily implies a margin of uncertainty,
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as indicated by the reliability level.
A similar approach has recently been undertaken by EERI (2001), which carried but an 
extensive survey in seismically prone areas of the world aimed at recognising and qualifying 
the most common housing construction types from a structural point of view. The work is 
particularly valid, as it enables the structural layout of buildings, their peculiarities and 
deficiencies, to be described concisely and effectively, and then compared using the EMS 98 
classes.
Further parameters qualifying the structural performance of the wall are the direction of 
horizontal and roof structures (5-3, 5-5).
The description of the masonry layout (5-6) is completed by specifying its maintenance 
level (5-7). This information is used for decreasing the mechanical quality of the masonry 
under examination, when its level of decay is considered particularly relevant.
Special criteria governing the relation between maintenance level and masonry fabric are 
discussed in §3.4.1.
The connection at wall edges (5-8), introduced at §1.6 and 2.3.2, refers to the level of 
bond between the fa?ade and the side walls. As outlined in the review on damage effects 
(§1.6), as well as by the analytical developments of the failure mechanisms (Chapter 2), this 
structural feature greatly affects the mechanical performance of the building. Consequently, 
particular attention has to be paid by the surveyor to checking the wall extremities. The best 
way to do this is to observe the presence of vertical cracks at wall edges, brought to light 
during previous earthquakes. When no recent earthquake has occurred, and hence no damage 
can be observed, this information can be achieved by examining cadastre maps from different 
periods, in order to compare the age of construction of the building under examination with 
those adjacent to it, according to the criterion outlined in §1.6 (Figure 1-7).
Field (5-9) identifies whether the fa9ade is out of plumb. A criterion for taking in exam 
this feature by reducing the mechanical capability of the wall is assumed, and this is 
introduced in §3.4.1.
Field (5-10) collects information on the strengthening devices on the fa9ade, which have 
to be recorded at every storey. The strengthening devices are described not only by the 
number of items surveyed, but also by their layout over the facade. Six different layouts are 
considered for each storey, as sketched in Figure 3- 6.
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The strengthening layout of each single storey is described by the number and position of 
anchors and ring beams surveyed over its surface. The anchors are linked to the presence of 
metallic (or wooden) ties orthogonal to the fa<?ade. The A3 layout applies to those situations 
with a number of anchors equal to or greater than 3.
(RB) (A3) (A2) (A1) (M) (AM)
ANCHOR ON 1 SIDE 
AND 1 IN THE MIDDLE 
OF FACADE




ANCHOR ON BOTH SIDES ANCHORS ON BOTH 
AND 1 IN THE MIDOLE SIDES OF FACADE 
OF FACADE
5-10 RING BEAM
Figure 3 - 6 -  Field 5-10 -  Strengthening devices
The criterion as to whether the layout of strengthening device can prevent the entire or 
partial onset of the failure mechanisms identified in §1.6 is presented in §3.4.3.
Finally, the presence of vaulted structures is recorded. Although the method does not 
take into account this information, it is required in order to enable further upgrading of its 
capability.
Section 6 collects data about the vulnerability of further elements, including additional 
storeys (6-1), erected in a later stage of construction. As introduced in §1.6, this element is 
very often associated to a considerable reduction in the wall thickness, which becomes very 
vulnerable to the seismic action. When a vertical addition is present, the surveyor is required 
to express the length and height of its facade, and to estimate the reduction in mass density if 
the construction material of this storey is different from that employed in the building facade. 
Field (6-4) records the presence of chimney flues within the fa<?ade wall. This feature, quite 
common in the historic buildings, can represent a further weakness of the wall. The criterion 
according to which these elements are processed is discussed in §3.4.1.
3.3.2 Presentation o f the survey form: damage inspection
The damage Section (7th) (Figure 3-7) pursues a double purpose: identification of failure 
mechanisms which have occurred (field 7-1) and description of the crack pattern (field 7-2).
The mechanism is required to be identified only when the severity of damage is sufficient 
to allow a collapse pattern, whether incipient or fully developed, to be recognised.
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7 DAMAGE LEVEL AND MECHANISM IDENTIFICATIONS















Other kind of damage or falure not identified 




















Figure 3 -7  - Survey form: damage description (Section 7)
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Field (7-1) requires the portion of fa9ade affected and the relevant damage level to be 
recorded for each failure mechanism identified. The damage extent can be indicated by 3 
different descriptions (collapse of top storey; partial collapse, total collapse). The damage 
level is described by a 6-points scale of the EMS’98 (Grunthal, 1998), ranging from DO (no 
damage) to D5 (total failure), and has to be recorded in the adjacent box.
When the failure mechanism is not immediately recognisable, or the damage level seems 
too slight for a reliable opinion to be expressed, the surveyor is required just to tick a box at 
the bottom of section (7-1), and only to express the overall damage level.
The description of the crack pattern at field (7-2) requires the operator to choose from a 
pre-defined range the crack pattern which best fits the damage under examination, and also to 
express the extent of the fa9ade affected. A special field allows the damage suffered by 
masonry fabric characterised by the local expulsion of elements (stones/bricks) to be 
described.
The description of the crack pattern, possibly accompanied by a sketch drawn by the 
surveyor, enables the damage interpretation and the association of failure mechanism to be 
postponed to a later phase.
Finally, field (7-3) records the damage extent as indicated by the percentage of the wall 
surface damaged.
3.3.3 Structural types
Some structural characteristics of the building, such as roof and floor types, as well as 
masonry fabrics of the fa9ade, need a preliminary survey and data storage.
The structural types have to represent a sufficient range of the craftsmanship present in 
the urban centre under examination, to enable the operator, during the survey, to match to 
each fa9ade to its proper structural types, as required by Section 5 of the inspection form.
This criterion leads to a notable reduction in the data collection time for each fa9ade, 
because the matching process certainly requires less time than investigating the same 
structural characteristics in every building.
Floor and roof structure types are stored together in a database, and are distinguished by 
special labels (such as A, B) which refer to general structural features, such as “wooden
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structures”, “steel structures” and so on. These structures are described by the horizontally 
distributed weight (KN/m), acting along the facade under examination, and orthogonal walls.
Figure 3 - 8  shows the storage criterion assumed for masonry fabrics. Each type is 
identified by a label and possibly by a title identifying macro-types such as “ashlars 
masonry”, “rubble” and so on. In order to better describe the fabric layout, a short description 
can be added at field (M-8).
MASONRY FABRICS
Title
TYPOLOGY A1 A2 B1 B2 C1 C2 D1 D2




M-4 Level of connection in the 
thickness





Figure 3 - 8 -  Storage table for structural typologies: masonry fabrics
Data fields (M-l) and (M-2) refer to the geometric average characteristics of fabric 
elements, indicated by length, height and overlapping lengths, as previously defined at §2.2.1, 
and sketched in Figure 3- 9.
This information can be obtained by a simple observation of the external surface of the 
masonry, having removed a small portion of plaster, if present.
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Figure 3 - 9 -  Geometric characteristics o f the fabric
Field (M-3) provides a description of the fabric through its thickness, for which a specific 
expertise is needed. This type of information can be collected in several ways such as by 
observing a collapsed portion of masonry, by carrying out instrumental investigations, e.g. 
endoscopies aimed at analysing the internal wall composition, or by accurate inspection of the 
external and internal leaves and by induction of the total thickness.
The fabric is assumed to be described by the range of 5 types sketched in Figure 3- 10.
(A) (B) (C) (D) (E)
TWO LEAVES WTH 
INCOHERENT INFILL
TWO LEAVES WTH 
SOLID RUBBLE INSIDE
ONE LEAF SQ STONES 
ONE LEAF RUBBLEM - 3  SOLID MASONRY ALL SOLID RUB8LE
Figure 3 - 1 0 -  Field M-3 : Masonry fabric
The 5 types are ranked according to the carving of the masonry, and hence range in order 
from the most regular, composed of solid elements having regular size, to the most irregular, 
made of rubble. The identification of the carving level of the fabric allows identification of 
the effective sliding surface through the wall thickness and hence the expression of the total 
shear strength which each fabric type can develop. The method uses this information to 
convert the ideal model of “opus quadratum” and its associated total shear strength (§2.1), to 
ordinary fabric layouts, according to the criterion introduced at §3.4.2.
Fields (M-4) and (M-5) refer respectively to the level of connection in the thickness and 
to the level of cohesion of the fabric. The former defines the level of bond through the 
thickness due to the fabric layout, and is influenced by the shape and position of elements 
along and through the wall. The operator is required to express an overall judgement by 
simply considering the connection as either “sufficient” or “insufficient”.
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The level of cohesion refers to the quantity, quality and state of conservation of mortars 
employed. In this case too the operator is required to express a subjective judgement by 
considering the cohesion as either “sufficient” or “insufficient”.
The two fields (M-4) and (M-5) are used to define the level of integrity of the wall and 
hence its ability to collapse according to given failure mechanisms. When the level of 
integrity is considered insufficient, the failure mechanisms cannot be triggered and the most 
probable collapse is the local failure of masonry, as by expulsion of material. The conditions 
on which this behaviour is assumed to be based are discussed at §3.4.3.
Finally, fields (M-6) and (M-7) provide the mass density and the friction coefficient 
which can be derived from specific literature on the topic or by experimental tests on masonry 
samples.
3.4 From input data to calculation of the critical load factor
Once the survey phase has been carried out, the data collected are used for the calculation 
of failure mechanisms.
Each mechanism is calculated according to the formulations described in Chapter 2. The 
relationship between the input data and the variables involved in the calculation is illustrated 
in Figure 3-11 and Figure 3-12 and discussed in the following paragraphs.
3.4.1 Thickness reduction and weights calculation
Figure 3-11 shows the logic pattern followed to calculate the thickness reduction and the 
weight Wi of each storey / of the fagade considered; as well as the weights Wg and Wv relating 
to gable ends and vertical additions, respectively.
In the bar chart, the interrelations between different variables are represented by black 
dots at intersections of segments belonging to each variable. All the variables shown in the 
figure have been introduced in §2.3.2.
First, in order to take into account the maintenance level of the masonry (5-7) and lack of 
verticality (5-9), the actual wall thickness recorded in the survey (Tbi) is reduced by a given 
percentage, as to obtain the theoretical thickness 7),. The percentage reduction applied by (5- 
7) and (5-9), respectively %tri and %tr2, are governed by the following criteria.
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The maintenance level of the masonry (5-7) can be considered by the operator as good 






When the facade is judged to be out-of-vertical (“True”), the variable (%tr2) assumes the 
following possible values depending on the number of storeys N of the facade. It is assumed 
that the facade being out-of-vertical can affect its structural performance, only if N is greater 
than or equal to 2, as follows:
“True” => ForN>2 => %tr2=0.3
For N<2 => %tr2=0
“False” ==> %tr2=0
The reduced value of the thickness at base Tb, is then:
T„=Tm [1 -% lr,-% tr2] (31)
Once the thickness has been reduced the weights can be calculated. For the calculation of 
the the weight of the fa9ade, defined by equation (2-16), the percentage of openings per 
storey, Opt, which is defined by the number and average size of windows as well as by 
chimney flues (field 6-4) within the wall thickness, is also considered.
The chimney flues are assumed as a fixed percentage (%trj) added to the percentage of 
facade openings (Opi), as follows:
Op, = Op, + %tr5 = + (%fr5) (3-2)
where (%trj) is assumed to be equal to 0.1 when the chimney flue is present; 0 when it is 
absent. All the other variables are the same introduced in §2.3.2.
115
An integrated method for the assessment o f the
Seismic Vulnerability o f  Historic Buildings
C h a p te r  3 
DEV ELO PM ENT OF THE METHOD
a a r i l t t s l l  rx $ & U S S S W K J I  T K S ' I n S S I . | a £ r nr||%Thont?C*to1
Pwin» ^  1' a s K l l M E j  s s r
1 2-2 || 2-3 || 2-4 | | 2-5 || 3-1 | | 3-2 | | 3-5 | | 4-1 | | 5-7 | | 5-9 1 W  1 1 4-2 I 2-6 | 2-7 | | 6-1 | | 6-2 | | M-6 |
CO ®  CO ® false true < Hg ) no yes
G  M B na
Figure 3 - 1 1 -  fiar chart showing calculation o f the weights starting from survey input data
3.4.2 Calculation of the total shear strength
As outlined in §2.2, the failure mechanisms strictly depend on the frictional behaviour of 
the masonry which has been analytically formulated for an ideal prototype of ashlars masonry 
to express the restraining action exerted between orthogonal walls or along inclined crack 
lines.
A criterion is then proposed for adapting the layout of the ideal model to any of the 
samples previously shown. Such criterion is based on a progressive reduction of the sliding 
surface from the best prototype of masonry, i.e. type A of Figure 3- 10, to the worst, 






For (M-3)=(C)=> %tr4 =
i , i (r,-*y
T. 3 T.
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For (M-3)=(D)=> %tr4 = —  + 0.5 
2Z T‘ ~ ~ 2 .
For (M-3)=(E)=> %tr4 = 0.2
where t  is the length of the block and Tt the wall thickness at an intermediate storey i. 
The above percentages have been developed on the basis of a preliminary review of different 
wall layouts and consequent examination of bedding surfaces. The percentages allow the total 
shear strength C tot(i) and C tot(cd) (formulated in §2.2 for a panel thickness coincident with the 
thickness of the block) to be expressed for a generic wall thickness Th assuming that Tt has 
always to be greater than the block width b.
The reduced wall thickness, used to calculate the total shear strength is:
Tn = Tr ( %tr4) (3-3)
After formulating the total shear strength C tot(i) and C tot(cn) over a reduced wall thickness Trj, it 
is possible to calculate the restraining actions due to connections with orthogonal walls which 
the building wall is subjected to.
These are defined by a special field (5-8) of the survey form, according to which the 
operator is required to express a qualitative judgment on the level of connection at lateral 
edges (good/bad). This information sets the value of the variable e, introduced in §2.3.2, 
defined according to the following criterion:
• Both connections of Good level => 8=2
• Both connections of Bad level =>8=0
• One connection of good level and the other of bad level =>e=l
Moreover, the number of connections with internal walls, specified at field 4.3 of the
survey form, defines the variable p (§2.3.2).
Having calculated the restraining actions exerted by lateral and internal walls, the load 
factors of each failure mechanism at every storey of the fa9ade examined, can be calculated.
Figure 3-12 shows a bar chart displaying the logic pattern for calculating Ctot(i) along a 
vertical crack line and the failure mechanisms depending on it, such as A,D,E,F.
The logic pattern followed to calculate failure mechanisms influenced by both Cm(i) and 
Ctot(ai) (B1,B2,C,G, Gs,H) is shown in Figure 3-13. This bar chart also outlines the process
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used to calculate the total shear strength along party walls C tot(as-i), obtained by substituting 
the geometric features of the party walls in the analytical formulation of Ctol(ai) (§2.2.3).
j £ ^ l c*asr,al[
| M-1 | | I
IN. o f MemalwaNB] 




M-2 | | M-3 | 4-3 5-8M-6 M-7











LOAD FACTORS OF 
FAILURE MECHANISMS
O W .)
Figure 3-12  - Bar chart showing the calculation of the total shear strength along vertical cracks and associated
failure mechanisms
118
An integrated method fo r  the assessment o f the
Seismic Vulnerability o f  Historic Buildings
C h a p te r  3 




iT I [OvwtMBinQl I Spadte II Frtdion 11 W 40«of«oora| I W W *tofteorT| I MMgNofroofl I WW**o»ioof~l 
m ail toryih |1 <wigW 11 oo—riant) 1 along fr»toceda [ ) along wtttw—■ 1 | along tt»fccade | 1 d a n g |
I M-1 | | M-2~| | M-6 | fT » 7 ~ | | T-1 | | T-2 ) | T-3 | | T-4 |
C O  e g )  (hT) (to) ®(K> C D  &  CD®  ( 5 )  <$> <$>
k____
Vfetahtof' 
to b ead s
Total shear 
strength along 




LOAD FACTORS OF 
FAILURE MECHANISMS(A-.)
B1 B2 C
Figure J- 75 - Bar chart showing the calculation of the total shear strength along inclined cracks
3.4.3 Conditions governing the feasibility of failure mechanisms
As introduced in §3.3.1, some fields of the inspection form are used to assess the 
feasibility of failure mechanisms in relation to specific features.
The bar chart in Figure 3-1 shows that, having calculated each failure mechanism, a 
further check has to be carried out, in order to find out which damage mode has to be 
excluded from the final calculation of the critical load factor (p) or which can onset only 
partially.
This screening phase is carried out by means of decision criteria, mainly based on the 
fields introduced in §3.3.1: Position of the Building within the block (1-4), Opening layout (3-
3), Connection at edges (5-8), and Strengthening devices (5-10). Table 3-1 summarises the 
conditions governing the feasibility of each failure mechanism. The symbol Y/N is associated 
to those failure mechanisms whose partial onset could involve a variable number of storeys.
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The table shows that the most influential fields are (5-8) and (5-10), while the others 
have a lesser impact.
It has been assumed that field (1-4) can influence failure mechanisms as C and G only. 
This choice has been made by checking the compatibility between the position of the building 
and the failure mechanisms which the building could develop.
When the building is located in a middle position within the block of houses, with one or 
two sides free (Figure 3- 3, M,S), the comer failure (C) and the horizontal arch failure (G) 
cannot be triggered, because the lateral restraints exerted by the adjacent buildings would 
impede any lateral displacement. The formulation of these failure mechanisms, introduced in 
§2.5.2, are in fact based on the overturning/sliding of the fa9ade extremities.
Failure mechanism H has been assumed to be compatible with all the building positions 
of Figure 3- 3, including the internal ones (M,S), because the in-plane displacements 
produced are very small or infinitesimal. Finally, all the others failure mechanisms are 
considered compatible with the building positions of Figure 3- 3.
Field (3-3) can only affect failure mechanism E. This is not admitted when the openings 
layout is of type (CV) and (LV) (Figure 3- 5), characterised by single columns of openings. 
Although these layouts are not associated to any mechanism so far, they are required in the 
survey so as to be taken into account in further development of the method.
Failure mode (E) is admitted for layouts E l, V, and X, though only on the top storey, as 
these layouts are characterised by the presence of at least 2 openings at this level.
It is also assumed that the connection layout (field 5-8) can influence the feasibility of 
damage modes. This assumption arises from the mechanical behaviour observed in Chapter 2. 
A clear example emerges from the comparison between failure mechanism A and D, in Figure 
2-37. The diagram shows that mechanism D is always the more vulnerable, for any type of 
connection, while mechanism A could never onset. This performance of D, which can be 
partially attributed to the torsional friction resistance neglected along the inclined crack, 
causes the feasibility occurrence of A and D to be associated to two different connection 
layouts, becoming mutually exclusive. Hence, it is assumed that A is computed when both 
connections are missing, D being computed when only 1 side is anchored to the orthogonal 
wall. In this case the portion of wall involved in the mechanism is always the one with no 
connection. In this case failure mode B1 is also admitted, which hence is associated with
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asymmetrical connection. When both connections are present, failure modes as B2, C and E 
are computed. The last two are also admitted when just 1 bond is present. Finally, it is 
assumed that failure mechanism F can be triggered only when both lateral connections are 
missing.
The presence of strengthening devices (field 5-10) influences the feasibility of all the 
failure mechanisms considered by the method. Table 3-1 shows that failure mechanisms from 
(A) to (L) can be triggered in the total absence of strengthening devices, unlike from the (F) 
which requires their presence to onset.
As can be observed, the same screening criterion has been assumed for failure modes 
from (A) to (Bl): any type of strengthening device from ring beam to metallic ties however 
placed at whatever storey, can prevent this storey and the ones below from being involved in 
the mechanism. To give an example, if a ring beam is placed on the top of a 5-storey building, 
none of these three mechanisms could occur, whereas if the ring beam is placed between the 
fourth and fifth storey, the load factors of (A), (Bl), (B2) relative to the top storey are 
computed for the final evaluation of the critical load factor ( ji).
In the case of partial failure mechanisms such as (C), (D),(E),(G), the feasibility 
conditions are diversified, but always based on the assumption that if a strengthening device 
can impede the collapse of the storey where the device is applied, it produces the same effect 
on all the storeys below the one considered.
It has been considered that in presence of strengthening devices distributed 
asymmetrically, (A1,M,AM of Figure 3- 6) mechanism (C) can always be triggered, because 
these are implicitly considered on the opposite side of the comer which collapses. Otherwise, 
this can be prevented by reinforcement devices like (RB,A3,A2).
Failure mechanism (D) is characterised by more restrictive conditions, because this is 
admitted only in presence of a lateral metallic tie (Al), which is implicitly considered as 
placed on the opposite side of the portion which fails.
(E) and (G) behave in the same way, because they can be prevented by strengthening 
layouts (like RB, A3, M, AM) able to restrain the central portion of the fafade.
The in-plane failure mode (H) can be impeded only by ring beams, while metallic ties are 
considered ineffective for preventing the displacements caused by H.
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1 - *  P O S IT IO N  O F  THE 
BU IL D IN G  W ITH IN  THE 
B L O C K
S-1 V 
ADDIT
5-10 S T R E N G TH E N IN G  D EVICE SO P E N IN G S  LA Y O U T
FAILU R E
M E C H A N IS M
r.-^PT'a;
Y ES 0  NO I S  Y/N
Table 3- 1 -  Conditions governing failure mechanism feasibility
Finally, while for the collapse of vertical addition (I) none of the considered 
strengthening layouts considered is effective (because all are placed on the building fa9 ade), 
the overturning of gable ends (L) can be impeded by a ring beam at the top.
3.4.4 Conditions governing the failure of masonry
The review of the literature available on the topic presented in §1.4.6, has outlined that 
the basic assumption by which masonry structures can be analysed according to failure 
mechanisms is strictly linked to the possibility of considering the masonry fabric as a
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monolithic body, where a crack can occur without failure of the material (Giuffre’ -1989, 
Baggio et al., 1990, Spence 1992a, Ceradini 1992, Giuflfe’ et al. 1994).
Fields (M-4) and (M-5) of the survey form developed for masonry (§3.3.3) aim to check 
the “level connection” and “cohesion” through the thickness of each masonry type, which the 
operator is required to express as a qualitative judgment.
It is assumed that when at least one of these two features is considered structurally 
insufficient to assure an adequate level of integrity within the fabric, the feasibility of any 
rigid mechanism is considered highly improbable, with more likely failure of masonry 
occurring through expulsion of elements (bricks, stones).
3.4.5 Conditions governing associated collapses o f roofs and horizontal structures
The conditions assumed for the collapse feasibility of horizontal structures and roofs are 
drawn up in Table 3-2.
These conditions have been based on the results achieved by recent research carried out 
in Italy by SSN (Di Pasquale, et al., 1999), aimed at assessing the statistical distribution of 
damage among different structural elements in masonry buildings damaged by different 
earthquakes. The results achieved suggest a direct correlation between the out-of-plane 
displacements of walls and the damage occurring in horizontal structures and roof. Damage 
distributions for roof and floors as a function of the damage to vertical structures are provided 
for different structural types.
The results give rise to the assumption according to which the collapse of roof and 
internal floors is associated with the onset of out-of-plane failure mechanisms involving the 
fa9ade, such as A,B1,B2 and E. However, no distinction is provided among different 
structural types.
The results achieved by the research carried out by SSN do not take into account the 
influence of beam direction in defining the damage extent. However, other research and 
methods developed have highlighted the influence of this feature (Bemardini, 1986, Giufffe, 
1993), so that the extent of the damage to these structures is considered to be dependent on 
their orientation.
When the orientation is parallel to the wall under examination, and hence the distributed 
weight is supported by party walls, the collapse of either roofs or floors is assumed to occur
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partially. When the beam direction is orthogonal to the facade, and hence the weight of 
roof/floors is borne by the wall under examination, a total collapse of these structural 
elements is associated.
In the case of partial failure modes like (C) and (D), it is assumed that, while the former 
causes a partial involvement of floors and roof regardless of the beam direction, the latter 
involves the whole roof only.
Mechanism (F) is characterised by the collapse of horizontal structures of the storeys 
involved, while it is assumed that the failure of the roof cannot onset, because of the presence 
of restraints at the top of the wall.
It is also assumed that the failure of floors is impeded when mechanism G is triggered, 
since this failure mechanism is associated with the top storey only, while the extent of the 
roof failure is influenced by the beam direction. A final assumption is that no damage to the 
roof or horizontal structures is produced by the onset of failure mechanism (H).
COLLAPSE OF ROOF AND FLOORS
A -B 1-B 2] c D E F G/Gs H
beams direction 1 II 1 1 1 II 1 II 1 II 1 II 1 II
ROOF • o o o • o • o •  o
FLOORS • o o o o o • o • o
orthogonal to 
facade





collapse 0 no collapse
Table 3-2 -Conditions governing the collapse of roof and horizontal structures
3.4.6 Calculation of the critical load factor
The decision criteria introduced in Table 3-1 enable the feasibility of each failure 
mechanism to be defined, while the respective load factors are obtained from the formulations 
presented in Chapter 2.
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Table 3-3 shows the process of the screening load factors, and the consequent calculation 
of the critical load factor (p) of the wall under examination, taken as the minimum load factor 
of those resulting from the screening process.
The critical load factor (p) borne by the fa?ade is:
n  =  m i n C / l ^ ) )  <3-«)
where is the load factor relative to the given failure mechanism at i-th storey of the 
fa?ade.
The third column of the Table shows the list of the load factors computed at every storey, 
for every failure mechanism.
The following column shows the load factors resulting from the screening process. The 
smallest of them is assumed to be the critical load factor of the wall in question. As evidenced 
by the bar chart, all the failure mechanisms except G,Gs, I and L, can involve a variable 
number of storeys.
The number of storeys involved by mechanism F is obtained by first optimising the most 
critical couple of strengthening devices associated with the lowest load factor, along the wall 
height. Failure mechanism G is computed on the top storey only. In place of G, when 
openings are present on this storey, failure Gs is computed by involving the horizontal strip 
above openings. Mechanisms I and L are associated with specific structural elements.
The final results of the calculation process are then:
• Critical load factor (p);
• failure mechanism associated with the critical load factor (p);
• number of storeys involved in the collapse (j);
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Table 3-3 -  Screening process for the calculation of the critical loadfactor (p)
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3.5 Parameters involved in the vulnerability assessment
The vulnerability assessment performed in methods aimed at predicting failure 
mechanisms introduced in §1.4.5 (Bemardini, 1984, Giuffre, 1993, Doglioni, 1994, D’Ayala 
et al. 1995, 1996, Lagomarsino 1997) is mainly based on the evaluation of the ultimate load 
factor of the structure (p).
However, it should be considered that buildings with an equal critical load factor p, but 
different failure mechanism and number of associated storeys, should correspond to different 
vulnerability levels.
This leads to the conclusion that the ultimate value of p alone cannot represent a 
sufficient criterion for expressing the seismic vulnerability.
The method proposed attempts to combine the performance of the structure against the 
earthquake, expressed by the critical load factor p, with the number of storeys and type of 
failure mechanism associated with the value of p, in order to achieve a more reliable 
evaluation of the seismic vulnerability.
The failure mechanisms considered in the analysis, differ from each other in terms of the 
damage which could develop, and the danger to people. By comparing mechanisms A and H, 
it can be noted that the former is considerably more dangerous than the latter, because the 
overturning of the fa9ade, although just incipient, could cause the collapse of internal 
horizontal structures and roof. On the other hand, the onset of an in-plane failure such as H 
would leave the internal structures still standing.
Moreover, the number of storeys involved, which can also be expressed as a percentage 
of the wall surface, can provide a further indication about the level of safety of the building 
against the earthquake, and hence on its usability after the seismic event.
On the basis of this considerations, two indices can be defined:
• the Structural index;
• the Failure extent index;
These two indices, used for the final assessment of the seismic vulnerability of the wall, 
are introduced in the following.
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3.5.1 The Structural and the Failure extent index
The structural index (I5) is simply defined as the inverse of p.. As with the index 
proposed by D’Ayala et al (1995, 1996), used to evaluate final vulnerability ranges, it refers 
to the capacity of the structure to resist the earthquake. As inverse of the minimum load 
factor, low values of I5 refer to good seismic performances and vice versa.
The failure extent index (I/) is defined by the following features, all associated with the 
value of the critical load factor p:
• number of storeys involved in the mechanism, expressed as percentage of wall surface 
(%FW);
• extent of failure of roof and/or horizontal structures (%Frj) ;
• type of failure mechanism weighted (by means of specific weights Wf) to take into 
account the severity of each failure mode in relation to the danger which could be 
caused to the building structure and to the people living within it.
The index is expressed as:
F U  =  +  % ^ V  ) '  W F  <3-5)
where the percentage of wall surface involved in the mechanism, is:
•— L
%F =—S - ---- = j -  (3.0
H L  N
where j  is the number of storeys involved in the mechanism, N, H, and L are respectively total 
number of storeys, total height and length of the facade, as introduced in §2.3.2.
The variable of equation (3-5) is defined as:
% F rf = % F r +  % F f  0-7)
i.e. the sum of the two percentages relative to the collapse of horizontal structures (% F r)  and 
roofs (% F f.) , depending on beam direction, wall surface percentage involved in the 
mechanism, and type of failure mechanism associated. Their values, calibrated on a rough 
estimation of the damage to roof and floors surveyed in Nocera Umbra (Italy) following the 
1997 earthquake, are expressed as a percentage of the wall surface involved in the 
mechanism.
% F r and % F f , stored in a special FaMIVE database, cover the following respective 
ranges:
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0 < %Fr < 0.333 (3-8)
0 < %Ff  < 0.24 (3-9)
Hence, %Frf  ranges as follows:
0 < % Ff < 0.573 (3-io)
Finally, in equation (3-5), Wp is the weight applied to each failure mechanism, depending on 
the severity of the mechanism in relation to the danger to structural safety and human life. 
This variable also takes into account the level of involvement of the wall in each failure mode, 
so that smaller weights are assumed for partial failures (like C,D,E,C) (Table 3-4).
Wf
Table 3- 4 Weights assumed for each failure mechanism
The highest weights are associated with those out of plane failure mechanisms involving 
the entire fa9 ade in different ways (A, Bl, B2). A lower weight has been assigned to F, due to 
the reduced impact which this mechanism can produce on the whole structure, thanks to the 
presence of strengthening devices which impede global overturning. The in-plane mechanism
(H) is characterised by half the weight of A-B2, because of its smaller severity in terms of 
danger. Finally, the collapse of additional structures is characterised by a low weight (0.3), as 
the risk associated is rather limited .
The variable Wp ranges as follows:
0.3 < %Ff < 1 (3-ii)
Finally, the range of the failure extent index (I/) is:
0 < %If  <1.573 0-12)
The combination between the Structural and Failure Extent indices, which can also be 
normalised between 0 and 1, is able to describe the danger which the building under 
examination poses.
Once calculated, the two indices are processed according to the criterion described in the 
following.
WEIGHT FOR INDIVIDUAL FAILURE MECHANISMS
A B1 B2 C D E F G Gs H I L
1 1 1 0,5 0,5 0,6 0,8 0,7 0,5 0,5 0,3 0,3
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3.6 A criterion for the appraisal of information reliability
As introduced in §3.3.1, the method requires a reliability level of information to be 
assigned to each of the 7 sections of the survey form.
The information reliability is processed by means of the parameter Rl associated with 
decreasing scores for each level which the operator can express (High, Medium, Low).
It is also assumed that the information reliability is weighted in relation to the importance 
of the data contained in each section of the form, according to the following table:
Survey
sections
1 2 3 4 5 6 7
R \V k 0 .4 1 0 .8 1 1 0 .7 1
Table 3- 5 — Weights relative to the inspection form sections
The weights Rwk have been calibrated by considering that the most important sections 
are the 2nd ,4th ,5th and 7th, which all provide geometric and structural features of the fa$ade 
together with the damage description. Lower weights are assigned to the remaining fields.
The total reliability of information (Rj) is defined as follows:
R T  ~  ^  ^ L k  ' ^  R W k  (3-13)
*=1 k=1
where k is a variable ranging between 1 and 7 which identifies the section of the inspection 
form.
The upper and lower boundaries of Rx are defined as:
7^mm — ^  RfVk ' 
k=1




where Runm and R^nax are the minimum and maximum reliability levels respectively.
Having divided the RT existing field (RTmax- Rimax) into three equal ranges, a percentage 
coefficient (%R) is associated with each of them:
R r  >  R t  + — ( R t  -  R t  )T — **Tmin ^ V X max / m m / %R = 0.05
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^rmin — ^  ^Tmin +  ,, 0^! => %R = 0.15 (3-18)
A low percentage coefficient of 5% is associated with high reliability, exceeding the 
lower R t  boundary by 2/3. An intermediate percentage of 10% has been assigned to values of 
R t  ranging between 1/3 and 2/3 of Rnnin. Finally, a high percentage coefficient of 15% has 
been associated with low values of the total reliability, not exceeding 1/3 of the R rmin value.
The percentage coefficients (% R) are used to define the upper and lower boundaries of 
the Structural and Failure extent indices, according to the following criterion:
Lower Boundaries => Ia(r) = I s • (l -  %R.); 7/(_} = I f  • (l -  %R) (3-19)
Upper Boundaries => 7s(+) = 7, • (l + %R); 7/(_} = I f  (3-20)
A limit of this criterion is that it necessarily requires the reliability level to be expressed for all 
7 sections of the inspection form. This means that in the total absence of damage, a level of 
reliability must nevertheless be associated with section (7). In this case it is assumed that a 
High level of reliability has to be assigned by the operator, leading to a consequent slight 
increase in the total reliability over the 6 sections.
3.7 Final vulnerability assessment
The seismic vulnerability of the wall under examination is taken to be defined by the two 
indices introduced in §3.5.1. According to their definition, the seismic vulnerability is 
considered as a function independent of the earthquake intensity and depending on:
• the ultimate capacity of a building to resist earthquakes (critical load factor p),
• failure mechanism associated with the value of p,;
• percentage of surface most likely to be involved, associated with the value of the 
critical load factor p;
Consequently, this type of assessment cannot provide a measure of the most likely 
damage level to which the building would be subjected as the result of an earthquake of given 
severity.
However, it is assumed that the p value, to which an incipient failure is associated, 
corresponds to a damage level D2 (from the 6-points scale of EMS ’98). This enables a
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statistical correlation between observed and predicted damage to be carried out, as discussed 
in Chapter 5.
Although the two indices, when compared, are able to provide a measure of the seismic 
vulnerability, a criterion for converting them into a qualitative final assessment of the seismic 
vulnerability is proposed and shown in Table 3-6.
The Structural index, once normalised by assigning the reasonable value 7S=8 
(corresponding to p=0.125) to 1, has been divided into 4 ranges, while the Failure extent 
index, normalised to 1, has been divided into 3 ranges.
The result of this combination of the 7 ranges considered, leads to the definition of a 
Vulnerability Matrix which provides different levels of vulnerability, shown in Table 3-6 .
Structural index










x lf>1 MEDIUM MEDIUM
1>=lf=>0.5 MEDIUM MEDIUM LOW
0.5>lf>0 MEDIUM MEDIUM LOW LOW
Table 3- 6 Seism ic vulnerability levels as a function of Structural and Failure extent indices.
Using the same Vulnerability Matrix it is also possible to identify the upper and lower 
vulnerability levels, taking into account the reliability of information, as described in §3.6.
The limit of this approach is that the definition of the Vulnerability level mainly relies on 
the value of the critical load factor p, rather than on the combination between the two indices 
(/* and I/). The value of the Damage extent index is assumed to be that associated to the 
minimum p. This can lead in some cases to setting a final vulnerability level which is not 
necessarily the highest associated with the wall under examination.
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3.8 Conclusions
The Chapter has presented an overall description of the FaMTVE method, ranging from 
the investigation process to the final evaluation of the seismic vulnerability.
The description of the survey phase is carried out accurately, in order to introduce all the 
variables examined, and how they are processed.
The seismic vulnerability is defined as a function independent of the earthquake intensity 
which depends on two indices: the structural index arid the damage extent index.
Finally, a criterion for combining the two above-mentioned indices into a qualitative 
assessment of the vulnerability is proposed. A special criterion developed to treat the 
reliability of information provided in the survey phase enables the upper and lower boundaries 
of the seismic vulnerability levels to be identified.
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CHAPTER 4 
APPLICATION OF THE SURVEY METHOD 
TO THE HISTORIC CENTRE OF NOCERA UMBRA, ITALY
4.1 Introduction
This Chapter presents an application of the survey method introduced in Chapter 3, to 
the historic centre of Nocera Umbra (Italy), which was hit by a long sequence of seismic 
shocks between September and October 1997.
This small hill-top town was first surveyed in order to analyse the effects of the severity 
of damage produced by the same seismic intensity on around 80 buildings characterised by 
similar constructive techniques but different strengthening devices. Moreover, the damage to 
each building was recorded in terms of damage levels using the EMS 92 scale (Spence et al. 
1998a,b, 1999, D’Ayala 1999).
The application of FaMTVE in 1999 has been carried out over the same building stock, 
using some data about constructive features surveyed by Spence et al. A more accurate survey 
was carried out on two more blocks of houses in order to analyse local structural features and 
the strengthening devices of buildings in detail (D’Ayala et al.,1999, 2000).
In order to test the applicability of the new damage investigation criteria proposed in 
Chapter 3, based on failure mechanisms recognistion, the damage to buildings was recorded 
on a wider sample o f200 buildings.
The Chapter presents the urban layout of Nocera and its historical seismicity, then 
discusses the results obtained from the survey, in terms of structural features and damage 
surveyed. These are used to test the applicability of the investigation method proposed, 
particularly concerning the feasibility and reliability of the mechanism identification process. 
The set of data collected, together with those obtained in previous investigations, enables the 
calculation of the seismic vulnerability of the sample, which is presented and criticlly 
discussed in Chapter 5.
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4.2 Introduction to the case study
4.2.1 Urban layout of Nocera Umbra
Nocera Umbra is located in central Italy (Figure 4- 1), on a narrow, elongated hilltop 
wedged between the Appenines mountains and the town of Assisi. Figure 4- 2 shows the 
region surrounding Nocera, together with a list of distances (Km) from some principal towns 
(Menichelli et al., 1995).
The geological situation is typical for a hill-mountain centre, with limestone foundation 
soils, which outcrops at the surface on the hill top but is covered by detritus material along the 
slopes. The south-west side of the hill is affected by a significant land slide, which has been 
under observation for several years. The 1997 earthquake has emphasised this phenomenon 
considered as an additional cause of damage surveyed in buildings located on this side of the 















Figure 4- 1 -  Location o f Nocera Umbra on a map of  £
Italy (ING, 1997) v a l t o h n a  9
Figure 4- 2 Map of the region around Nocera with 
distances expressed in Km. (Menichelli et al. 1995)
The historic centre, surrounded by city walls and characterised by around 220 buildings, 
is typical of a medieval town, with buildings arranged in long, parallel, almost concentric 
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Later alterations, correlated to historic earthquakes which occurred in the 17th and 18th 
centuries, have modified the original urban layout to some extent. The recent growth of the 
town has occurred beyond the city walls, so that the original nucleus is relatively well 
preserved, with a considerable number of valuable heritage architecture. Houses are arranged 
in long terraced arrays, with common party walls and a variable number of storeys (2 -3 on 
the hill side, 4-5 on the valley side). A detailed description of the most representative building 
types is provided in §4.3.1.
Figure 4- 3 -  Map of the historic centre o f Nocera.
Items highlighted are monumental buildings such as Churches or Palaces.
4.2.2 Historic earthquake occurrence
The seismic activity of Nocera Umbra, catalogued in the National Seismic List as 
second class since 1981 (Postpischl D., 1986), shows a long history of significant though not 
catastrophic earthquakes, with events occurring in the region at regular intervals. The GNDT 
National Catalogue (GNDT, 1998), lists 22 events with epicentral intensities exceeding 
MCS=8 occurring in this region since 1277 A.D. A pattern of significant repeated shocks
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occurring over a period of weeks or months is clearly recognisable, as happened in the 1997 
earthquake. Dates, magnitudes and epicentres of these are shown in Figure 4- 4 .
The Italian Catalogue of Historic Strong Earthquakes (ICHSE) from 461 B.C. to 1990, 
reports the 1279 and 1751 earthquakes as being among the strongest historically (Boschi et 
al.1997).
The former hit a wide portion of the central region of the peninsula; destruction and 
victims (about 1000 in the town of Camerino alone) were registered in many other centres, 
like Fabriano, Matelica, Foligno, Spello, Camerino, San Severino, Cingoli (all within a range 
of 100 Km). In Nocera it is documented that the old Monastery of the Cathedral was 
destroyed, together with the adjacent Curia buildings attached, and around half the buildings 
of the town collapsed causing the death of many people (Giovannini, 1998). The ICHSE 
assigns a magnitude of 6.4 to this earthquake of IX MCS intensity (Boschi et al.1997).
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Figure 4- 4 Map of the historic earthquakes in the region around Nocera (ING, 1997)
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Following a series of small seismic shocks which began in 1742, on the 26th of July, 1751 
intensity IX MCS was reached. This earthquake hit about 45 towns of the central Appennines 
region, and was followed by another long sequence of seismic events which ended on the 24th 
of September of the same year. The most damaged town was Gualdo Tadino, about 10 km 
from Nocera, where two thirds of the buildings were destroyed. Damage was also documented 
in Nocera: one arch of the Cathedral collapsed, followed by a partial failure of the roof. 
Cracks were also recorded in the Prior’s Palace and in the Fortress, together with the collapse 
of the roof and most of the internal walls of the Seminar (Binia A. 1751, An., 1751). The 
Bishop’s Palace suffered serious damage, and many cracks in private buildings are evidenced 
by several requests of help documented in the Diocesan Archive in Nocera (Borgia A, 1910). 
Further shocks occurred in 1752, without causing losses, probably as the tail of the strong 
event of 1751. In the buildings of the historic centre it is still possible to recognise signs of the 
repairs implemented following the 1751 earthquake, particularly on upper storeys, which were 
repaired with recycled materials or poor rubble masonry fabrics (Figure 4- 5).
Figure 4- 5 -  Metallic anchor on a wall made up o f poor material
Before the latest seismic shocks of 1997, a further seismic event of minor severity was 
recorded in 1979. This earthquake reached intensity VI MCS, and hit the Valnerina region 
particularly, also causing damage in Nocera (Camassi et al.1997, Calabrese 1990).
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4.2.3 The 1997 earthquake
On the 26th of September 1997 a sequence of seismic shocks hit the region surrounding 
Nocera Umbra, Camerino and Colfiorito. The first two events, respectively at 2:33 and 11:40 
hours, reached Magnitude 5.5 and 5.8, according to the assessments carried out by the Italian 
Institute of Geophysics in Rome. Many further shocks occurred over a period of 8 months, 
until April 1998. Among these, the strongest events were registered in Nocera Umbra and 
Colfiorito respectively on the 3rd and 7th of October, with magnitude of 5.1 and 5.3 M. A 
further shock on October 14th, with epicentre in Sellano, reached magnitude 5.5 M (Camassi 
et al, 1997, Decanini et al., 1997).
The macroseismic survey, carried out over the whole region, identified a maximum 
intensity for the first shock of VIE MCS, whereas the overall cumulative intensity was 
estimated of IX MCS. Figure 4- 6 shows the isoseismals relative to the shock of 26th of 
September. Dots with different colours indicate the intensity on the MCS scale relative to the 
towns involved (Camassi et al, 1997, Albini et al. 1997).
The seismic sequence was also monitored through a temporary network of recording 
stations, provided by the National Seismic Service, and the Italian National Institute of 
Geophysics, scattered over the epicentre area of the earthquakes. These stations enabled the 
waveforms of accelerations and hypo central locations to be recorded (Capotorti et al., 1997, 
Decanini et al., 1997).
The recordings obtained for Nocera Umbra, strongly influenced by the morphological 
features of the hill where the station was placed, show very high amplifications, with peak 
ground accelerations reaching 0.56g on the 26th of September. However, an analysis of the 
damage caused, suggests that these values, much higher than the other values recorded at 
other stations, were overestimated, leading to doubts as to their reliability. (Camassi, 1997; 
Capotorti, 1997).
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Figure 4 - 6 -  Macroseismic survey of the region hit by the earthquake (ING, 1997)
4.3 Results of the survey: description of structural features of buildings
During the spring of 1999 a survey was carried out on about 200 ordinary buildings, in 
order to test the applicability of a pilot version of the form introduced in §3.3, for what 
concerns the damage investigation process, based on failure mechanism identification. During 
this survey some of the main structural features of buildings were also recorded throughout a 
smaller sample of 80 buildings, previously surveyed by D’Ayala and Spence (Spence et al. 
1998a,b, 1999). The missing information on some structural features of the sample was later 
provided using the set of information obtained by the same authors (Spence et al. 1998a,b, 
1999), as well as using photographic documentation.
An accurate investigation was carried out on two more blocks of houses (around 20 
buildings), in order to analyse in detail the common structural features (such as masonry 
fabric and roof/floor types), as required by section §3.3.3 (D’Ayala, Speranza, 2000, 2001).
The final database is then realised by around 200 buildings, 100 of which are completely 
described in terms of structural features (section 1-6 of the form shown in Figure 3-2) and 
damage (section 7 of the form, Figure 3-7), while the remainder buildings are described only
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in terms of damage occurred. While a uniform low level of information reliability is 
associated to the former, (except from those buildings surveyed in detail), in the latter the 
reliability attributed to each single case has been recorded. This has enabled lower and upper 
bounds of the critical load factors and final vulnerability calsses to be defined in relation the 
quality of information, according to the criterion discussed in §3.6.
The following presents the results obtained from the survey in terms of structural features 
and damage caused and finally some conclusions are drawn about the applicability of the 
survey method proposed.
4.3.1 Architectural and structural layout o f ordinary houses
An ordinary house in Nocera, shows an architectural layout which completely fits in 
with the natural features of the town, characterised by the presence of a marked slope. Most 
buildings can be dated back to the middle ages, though most of them underwent major 
alterations during the 17th and 18th centuries following severe earthquakes, and more recently 
in the last century.
The typical house is usually composed of one or two masonry cells, depending on the 
depth of the block, with the staircase, usually but not necessarily, running along the party 
walls (D’Ayala, Speranza, 2000,2001).
A common feature of the ordinary houses is that they have frequently been modified over 
the years, with many combinations of older and newer constructions within the same building. 
It is very common to observe changes in the original plan distribution and to the constructive 
features, mainly due to the needs of the changes in lifestyle which have taken place in the last 
20-30 years.
Figure 4- 7 and Figure 4- 8 show the construction layout of the two blocks of houses, 
representative examples of the types of masonry fabric, the internal layout and horizontal 
structures, surveyed in detail in 1998 (D’Ayala, Speranza, 2001). The figures also highlight 
the damage pattern.
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Figure 4- 8 - Units 143,144,145,180. Construction layout and damage pattern.
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4.3.2 Masonry fabrics
The masonry work of ordinary buildings varies from well dressed stone ashlars with 
mortar joists of a few millimetres thickness to coarse rubble with poor mortar in thick joints. 
The connection through the wall depends on the wall thickness and on the dimensions of the 
element, generally very poor in the case of double- leaf walls, and rather good in solid ashlars 
masonry. In a few cases, the walls are made of brickwork with a medium-level connection 
through the wall thickness. Usually the beds are reasonably regular and horizontal, with 
staggering lengths variable in relation to the element’s dimensions. Insertion of horizontal 
layers of brickwork, window surrounds in brickwork and stone lintels in local tuff stone are 
common. The quality of connections between orthogonal walls is usually good.
In total, 7 masonry types have been recognised within the historic centre of Nocera 
Umbra and then incorporated into the worksheet introduced in §3.3.3.
These have been surveyed in detail and classified as shown in Figure 4-11. Once the 7 
types had been grouped into 4 classes, each identified by a different label A,B,C,D, defined 
as: (A) roughly squared masonry, (B) mixture of ashlars and rubble masonry, (C) rubble, (D) 
brickwork.
The general characteristics of each type are briefly described in the following:
M a s o n r y  TYPE A l :  Solid masonry made up o f long shaped stones, roughly squared, and 
placed along horizontal layers. The connection through the thickness 
can be considered good.
M a s o n r y  TYPE A 2: Two leaves o f dressed stones, roughly squared with some elements
through the wall thickness. The infill between the two leaves is 
coherent, and the global connection in the thickness can be estimated 
as medium.
M a s o n r y  TYPE Bl: Mixed masonry limestone in long dressed elements, small squared
stones and rubble. The fabric layout is characterised by alternate 
layers o f long elements placed along the bedding surface (stretchers), 
and others placed through the wall thickness (headers). Rubble is often 
used to fill the gaps between the stones and for the infill, which is 
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M ASONRY TYPE C l: Masonry mainly characterised by rubble, with layers nearly horizontal.
The fabric layout is characterised by three/four layers of small stones, 
alternating with layers made up of higher elements. The cross section is 
made up of small pieces with a large quantity of weak mortar. The 
overall connection through the thickness can be assumed as weak.
M ASONRY TYPE C2: Masonry characterised by rubble of small size with some bigger
elements inserted. The tiny dimensions of fabric elements and the weak 
quality of mortar do not allow any connection through the thickness so 
that this masonry fabric can be considered of very poor quality.
M ASONRY TYPE Dl: Brickwork masonry arranged in horizontal layers without infill. The
level of connection and cohesion of the fabric is good.
M a s o n r y  TYPE D2: Brickwork masonry arranged in horizontal layers, with a poor 
connection through the thickness.
Figure 4- 9 and Figure 4- 10 show an example of some fabrics A2, B1,C1 and C2 .
Figure 4- 9 Examples of fabric types A2 (left) and Bl (right)
Figure 4 - 1 0 -  Examples of fabric types C l (left) and C2 (right)
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Table 4- 1 shows how the masonry types recorded are stored, according to the format 
introduced in §3.3.3.
The top quality attributed to class A, i.e. solid masonry, is demonstrated by rather high 
stagger ratios (>1 in both cases), obtained by dividing the overlapping length (field M-2, 
Figure 3-1) by the block height (field M-l right box, Figure 3-1); as well as by high 
percentages of the effective sliding surfaces, (field M3, Figure 3-10). The levels of connection 
and cohesion through the wall thickness are assumed to be sufficient to guarantee the 
monolithic behaviour required of the masonry at §3.4.4.
The following types (Bl, Cl and C2) are characterised by decreasing mechanical 
properties, according to which the level of integrity of the masonry, when subjected to a 
seismic action, cannot be assured, and hence the above mentioned types could most likely be 
characterised by failure of the masonry fabric, excluding the possibility of any failure 
mechanism developing. It is also assumed that these types are characterised by rather reduced 
effective sliding surfaces, classified in field M3 as C and E (Figure 3-10).
Finally, brickwork fabrics D1 and D2 are defined by very different mechanical features, 
although both are characterised by the same stagger ratio (2.66). While type D1 is associated 
with a solid fabric (A, field M-3), together with a sufficient level of bonding through the 
thickness, type D2 is assumed to be a poorer fabric, barely able to maintain its integrity within 
the thickness of the wall and hence associated with type B of field M-3. The comparison 
between these two masonry types highlights how fabric characterised by equal external fabric 
layouts, can show very different mechanical performance according to their internal 
composition.
These values have been estimated on the basis of the overall smoothness of the unit 
surfaces, assuming as basic reference point the values of the coefficients obtained from 
experimental tests carried out on brickworks (Mann et al., 1982, Schneider et al., 1978, 
Ceradini, 1992, 1993). Notwithstanding, the literature available on this topic shows a wide 
range of experimental data, including friction coefficients, on very regular dressed 
stone/brick fabrics, less work is present when dealing with irregular fabrics, also with mortar 
joints, because of the major difficulties of carrying out this type of tests. Among this, the 
recent work of Binda et al. (1999) providing detailed analysis of mechanical properties of 
different masonry samples, has been however useful in the process of friction coefficients
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assignment, as it lead to a qualitative description of each bedding surfaces. One more 
reference was also the recent work of Baggio et. al (2000), which analyses a wide range of 
fabrics, and for each of them an index of the mechanical quality of masonry is provided 
(MQI). This index is obtained by comparing the mechanical behaviour of each fabric, with the 
opus quadratum one. The ratio between the two associated load factors (relative to out of 
plane and in plane actions) is assumed to be the MQI. These set of values have been useful for 
calibrating the friction coefficients of fabrics surveyed in Nocera.
In absence of appropriate experimental data, it is clear that this process implies a rather 
high level of uncertainty, so that the assignment of the friction coefficients could become 
arbitrary if carried out without sufficient accuracy, and hence could lead to unreliable 
evaluation of the Total Shear Strength introduced at §2.2 . Reliable values of friction 
coefficients could be achieved on by undertaking on purpose experimental tests, which could 
be carried out in a future development of the research.
The distribution of the masonry fabric surveyed overall in the building sample is shown 
in Figure 4- 12. The most common fabric is type B1 found in 40% of buildings inspected, 
followed by Cl and A2 found in 25% and 14% of buildings respectively. The latter occurs 
mainly in aristocratic residences than in ordinary houses. Al, C2 and D1 are present is small 
percentages, while brickwork masonry of the worst quality (type D2) has been found in 
12.5% of buildings.
In conclusion the average masonry fabric of the buildings inspected can be considered 
medium-poor, and the rather low level of maintenance and high degree of alteration to walls 
makes their mechanical performance even worse.
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M A S O N R Y  F A B R IC S
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Table 4- 1- Format of masonry types surveyed
MASONRY TYPES
A1 A2 B1 C1 C2 D1 D2
Masonry types H  number of buildings 
»  % value
Figure 4- 12 -  Distribution o f masonry types in the sample surveyed
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4.3.3 Horizontal structures and roofs
The horizontal structures, when original, are timber and are characterised by beams 
supporting span joists covered by tiles or planks. Sometimes the beams are placed on small 
masonry corbels in order to reduce their span. The beams are quite close to each other and are 
oriented along the shortest distance between the opposite walls. Roofs are usually double 
pitched and when original are in timber. Similarly to horizontal structures, the rafters support 
span purlins covered by boards and tiles.
During the last century floors and roof structures were strengthened or totally replaced 
by precast concrete beams and lightweight tiles. In some cases original structures were 
replaced by r.c. slabs. A total of 4 types of floors and roofs have been identified in the historic 
centre of Nocera, as described in the following:
T y p e  A : Timber structures characterised by timber beams supporting secondary purlins
covered by tiles or planks.
T y p e  B : Timber structures of type A strengthened by metallic mesh within a thin concrete
layer, placed over the tiles or planking level. Usually, but not necessarily, the
mesh is anchored to the bearing walls.
T y p e C : Precast concrete joists and lightweight tiles. No device is usually employed to
anchor the joist edges to the walls.
T y p e d : Reinforced concrete slabs.
Figure 4- 13 and Figure 4- 14 show an example of structure types A,B and C.
Figure 4- 13 -  Examples o f horizontal structures o f type A (left) and C (right) surveyed in Nocera
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Figure 4 - 1 4 -  Examples o f roof structures o f types B (left) and C (right)
The structural types surveyed in Nocera have been stored according to the format 
presented in §3.3.3.
As illustrated in the chart of Figure 4- 15, the buildings surveyed in Nocera show a 
considerable level of alteration to traditional horizontal structures. Only 44.3% of buildings 
are still characterised by timber floors and roofs, while the remaining portion comprises 
buildings which have undergone either simple strengthenings to or replacements of the 
original structures. Commonly, but not always, the same structural system adopted for floors 
is also used on roofs, though combinations of the various structural systems can be found in 
the same building.
This is clearly outlined by the histogram below which shows that 13.9% of buildings 
characterised by both reinforced roofs and floors, whereas all the internal structures have been 
replaced by modem structural systems such as precast joists and lightweight tiles (i.e. type C, 
8.9% of buildings), and r.c. slabs (type D, 21% of buildings), most common type of alteration. 
The remaining percentages refer to combinations between different structural types, as shown 
in Figure 4- 15 .
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Figure 4- 15 -  Distribution of roofs and horizontal structures in the building sample
The historic buildings of Nocera are also characterised by a wide use of strengthening 
devices, mostly implemented in the past.
Historically, the most common strengthening devices are metallic ties, strong quoins or 
masonry buttresses. In more recent times, the use of reinforced concrete ring beams, often 
associated with slabs, has partially replaced some of the traditional systems, so that, of these, 
only metallic ties are at present still used.
Figure 4- 16 shows the distribution of seismic strengthening devices, obtained from the 
first survey carried out following the 1997 earthquake by Spence et al., (1998a,b). Four types 
of seismic reinforcements are described: the first two refer to traditional systems, whereas the 
latter refers to seismic provisions suggested by the Italian code1 (Braga et al., 1997a).
1 According to the Italian seism ic code (D.M . 19/6/1984) improvement and upgrading refer to tw o different 
levels o f  strengthening devices. The first one concerns monumental listed structures (Churches, Palaces), as it 
aims to introduce a global improvement in the seism ic behaviour in relation to preservation work. The second  
is to be applied to ordinary buildings which must reach an higher level o f  safety, by means o f  stronger and much 
more intrusive kind o f  strengthening provisions.
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Figure 4 - 1 6 -  Distribution o f strengthening devices in Figure 4- 17 -  Distribution of number of ties per
Nocera surveyed by Spence et al. (1998) number o f storeys o f the building
Figure 4- 17 shows the results of the survey in terms of the occurrence of ties in relation 
to the number of storeys. One can observe how as the number of storeys increases from 1 to 5, 
the number of ties also increases, while at the same time the percentage of buildings without 
any ties tends to decrease to 0 for the maximum number of storeys (5).
Figure 4- 18 shows the combination between masonry types and strengthened buildings.
Three types of strengthening are considered: ties, ring beams, and a combination of the 
two. R.c. roofs are also considered because of their high incidence in the sample outlined by 
the chart of Figure 4-15.
When first looking at the cumulative percentages, it can be observed that around 1/3 of 
the total buildings surveyed (35.4%) are not strengthened at all, while strengthened buildings 
(64.6%) are divided into: 29.1% with ties, 7.6% with ring beams, 1.3 % with both ties and 
ring beams, and 26.6% with concrete roofs. It is clear how metallic ties and concrete roof 
have the highest incidence in the sample, although the percentage of ring beams could be 
underestimated, because they could have passed unobserved in a street survey.
The histogram shows that buildings made up of masonry fabric of type Bl, described in 
§4.3.2, are mostly strengthened by traditional ties (12.7% of total buildings), ring beams 
(6.3%), a combination of the two (ring beam and ties, 1.3%) and concrete roofs (8.9%).
As can be observed, all buildings constructed with better qualities of masonry fabrics, 
like Al and D1 are characterised by concrete roofs, not associated with ring beams. Buildings
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with masonry types like A2, Cl and D2 are mostly strengthened with traditional ties and 
concrete roofs. Brickwork buildings of type D1 prove not to be strengthened at all, though 
this result could be attributed to the small number of D1 fabrics observed in the sample.
Figure 4- 18 -  Distribution of strengthening devices and masonry fabrics in the building sample
4.4 Damage assessment in the historic centre of Nocera
4.4.1 Previous damage assessment
Following the earthquakes of September 1997, several investigations were carried out by 
emergency teams and research groups to assess the damage caused to masonry buildings 
(Baratta et al. 1997, Braga et al. 1997b, EERI 1997, Mucciarelli et al.l997a,b, Sara et al.1997, 
Spence et al. 1998a,b, 1999).
Most of the studies were aimed at assessing the damage in a qualitative way, by outlining 
the most frequent damage patterns surveyed, associated with the structural features of 
buildings, and sometimes by attempting identifying common vulnerability causes (Sara et al., 
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In other cases the damage was systematically assessed through damage levels, in order to 
correlate the severity of damage to the structural features of buildings and strengthening 
implemented (Spence et al. 1998a,b, 1999, D’Ayala 1999). In this case the damage level of 
each building was recorded using the 6-point scale of the EMS’92 (Grunthal, 1993), which 
refers to levels of physical damage and assigns a numeric value corresponding to the mean 
damage ratio to each level of damage. For masonry buildings the levels of damage are 
described as follows:
Damage level Mean damage ratio Damage type Description o f physical extent
DO 0.00 Undamaged No visible
D1 0.05 Slight damage Hairline cracks
D2 0.20 Moderate damage Cracks 5-20 mm wide
D3 0.50 Heavy damage Cracks>20 mm or heavy damage to 
structural walls
D4 0.90 Partial collapse Collapse o f  individual wall or 
individual roof support
D5 1.00 Collapse More than one wall collapsed or more 
than half o f  roof
Table 4 -2  — Definition o f damage levels (after EMS ’92) (Grunthal, 1993)
The damage distribution obtained in Nocera by D’Ayala and Spence, shown in Table 4- 
3 (Spence et al. 1998a,b, D’Ayala 1999), highlights an average level of 0.40, slightly lower 
than level D3 (0.5 being the numeric value associated with this level).
Town IntensityEMS* DO D1 D2 D3 D4 D5
Nocera
Umbra
7-8 0.05 0.2 0.27 0.32 0.09 0.07
Table 4- 3- Damage distribution surveyed in Nocera (Spence et a l, 1998) 
♦European Macroseismic Scale (Grunthal, 1993)
4.4.2 Damage assessment using the FaMIVE method
The damage was assessed in around 200 buildings, including those previously inspected 
by D’Ayala and Spence (Spence et al., 1998a,b, 1999, D’Ayala 1999) and was based on a 
pilot version of the form presented in Chapter 3. According to the data inspection process 
followed, the information referred to all the building walls (up to a maximum of 4), each wall 
being identified by its orientation (D’Ayala et al., 1999).
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In order to maximise the quality of information, the survey method was later changed 
into the one introduced in §3.3, where the set of data required by the form refers to each wall 
of the building. In case of very extensive analysis the survey can be limited to the most 
vulnerable wall, which the surveyor is required to choose.
The pilot version of the form used for the damage inspection was also characterised by a 
wider range of failure mechanisms, including 25 failure modes, shown in Figure 4- 19. 
Figure 4- 20 shows the failure mechanisms analytically formulated in Chapter 2, considered 
by the FaMIVE method.
In order to allow correlations between predicted and observed damage, presented in 
Chapter 5, the failure mechanisms used for the damage inspection have been reassigned to 
those of Figure 4- 20. Besides the failure modes of the FaMTVE method, two more classes of 
failure mechanisms are defined (J and K), in order to include damage types at present not 
considered.
Class J include all those failure modes producing the collapse of extensions to the 
original structures, attics and chimneys, as well as wall portions not connected to the original 
masonry, such as chimney flues. Class K include in plane mechanisms due either to 
hammering effects between adjacent buildings or rigid slabs or roofs.
The results of reassignment, are the following:
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And the additional failure modes are: 
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Figure 4- 20 -  Table o f failure mechanisms 
considered by FaMIVE
Figure 4- 19 -  Pilot version of the form used for the failure 
mechanisms identification (D ’Ayala, Speranza, 1999)
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The distribution of observed failure mechanisms is shown in Figure 4-21. The 
percentages shown also include failure mechanisms developed partially, involving only few 
storeys of the walls inspected.
As can be noted, two mechanisms are prevalent, the comer failure C (17%) and the shear 
collapse H (17.78%). The collapse of wall portions or additional elements J also shows a high 
percentage of occurrence (16.30%). Rather high percentages are also reached by mechanisms 
A,B1,B2, with 11.11%,9.63%,5.93% respectively. Partial collapses such as D, E and G are 
present in small percentages which do not exceed 4%. It is also possible to note the presence 
of damage due to hammering structures (K, 6.67%), and the very small occurrence of collapse 
types F, I and L.
The cumulative results (Figure 4- 22) show that out-of-plane failure modes A, Bl, B2, F, 
reach 28%, while higher percentages are obtained for partial collapses C, D, E, G (30%). 
However, this percentage is mainly attributed to the massive presence of comer failures 
observed. Finally, in plane failure mechanisms like H, K and collapses of additional elements 
(I,L) reach 24% and 18% respectively. This last percentage is coherent with reality, because 
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Failure mechanisms
v n  mech %
□ Total collapses (A-B1-B2-F)
□ Partial collapses (C-D-E-G)
□ In plane collapses (H.K)
□ Collapse of additional elements (I.L.J)
Figure 4- 21 -  Failure mechanisms surveyed Figure 4- 22 -  Failure mechanism distribution
(cumulative results)
The cumulative results of Figure 4- 22 correlate fairly with those obtained by Sara et al. 
(1997) on 78 buildings of 3 different towns hit by the same earthquakes (Nocera Umbra,
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Foligno, Serravalle di Chienti). Although the damage investigated by these authors was 
mainly described through typical damage patterns, some very general classes of failure 
mechanisms are considered and on the basis of these some considerations can be expressed.
According to these authors, the damage due to out of plane performance of the wall 
amounts to 32.5% of buildings inspected, whereas the damage due to in-plane behaviour is 
attributed to 21%. The former value is associated with failure modes entirely affecting the 
walls, while partial failures, amounting to 33%, are described as “collapses of roof and of 
supporting structures”. Besides the collapse of roof and floors, this failure mode would also 
seem to include collapses involving upper storeys of the walls, which can be associated with 
D, E G, Gs of the FaMIVE range. Finally, 13.5% of damage is classified by the same authors 
as “local damage due to singularities of different origin”, and refers to the damage involving 
non structural elements, like chimney flues, balconies and so on. Although the vulnerable 
elements considered in this case are slightly different from those taken into examination by 
FaMIVE (vertical additions, gable ends), it is remarkable that the cumulative percentages 
associated with non structural features are rather close to each other (13.5% against 18% 
respectively).
The chart of Figure 4- 23 compares the damage levels with the failure mechanisms 
recognised in the same building in order to highlight the recognition feasibility of each failure 
mode. It can be observed that all identifications took place beyond the threshold represented 
by level D3, as slight damage (D1-D2) precluded clear recognition. The histogram also 
illustrates that among the three levels D3-D4-D5, most failure mechanisms were identified in 
the presence of modest damage (D3), which is associated with frilly readable crack patterns. 
The presence of partial or full collapses which characterise damage levels D4-D5 in most 
cases made it difficult to interpret the failure mechanism which occurred. For this same reason 
the highest percentage of unidentified failure mechanisms is associated with damage level D4.
The chart also shows that buildings characterised by medium damage D3 (63.8% of the 
total sample), were mainly subjected to total and partial out-of-plane collapses (19.1% and 
25.5% respectively), while a smaller portion was associated with in plane mechanisms (6.4%) 
and collapse of additional elements (4.3%). Finally, for the remaining percentage (8.5%) no 
mechanism was associated. Buildings with damage level D4 (31.9% of the total sample), were 
associated with total and partial out-of-plane collapses amounting to 19.2%, while half the
159
An integrated method for the assessment of the 
Seismic Vulnerability o f Historic Buildings
Chapter  4
A p p l ic a t io n  o f  t h e  S u r v e y  M e t h o d  t o  t h e
HISTORIC CENTRE OF NOCERA UM BRA, ITALY
buildings which suffered damage D5 (4.3%) could be unequivocally associated with out-of- 
plane failure mechanisms.
^ , 30,0
□ Out of plane - total collapses
□ Out of plane - partial collapses
□  In plane
□ Collapse of additional elements
□ Mechanisms not identified
D5
Figure 4- 23 -  Damage levels and failure mechanisms
The results of the damage survey become more interesting when comparing the damage 
with the strengthening devices implemented (Figure 4-24), having considered, for each 
building, the mechanism which has developed the highest damage level. The chart shows that 
building unstrengthened (35.4% of total) were subject to consistently high damage (>D3).
When looking at strengthened buildings and associated damage levels, the data would 
seem controversial, since the highest percentage for each type of reinforcement correspond to 
the highest damage too. The reason for this result is that the presence of strengthening devices 
does not exclude the possibility of partial collapses, confirming the assumption made in §3.4.3 
according to which any type of strengthening device, however placed at whatever storey, can 
only prevent that storey and the ones below from being involved in the mechanism. A 
clarification of this result could be obtained only by analysing the strengthening device 
pattern of each building, at least in terms of the number of storeys restrained compared with 
the total faQade. However this comparison is not possible since the available data were 
recorded in terms of total number of restraints, without specifying their pattern and the 
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The correlation between failure modes and strengthening devices, shown in Figure 4- 25, 
shows that for buildings subjected to total and partial out-of-plane mechanisms (amounting to 
66% of the total sample), half have no strengthening device (14.89%+10.64% for total and 
partial collapses respectively), while the remainder are mainly characterised by metallic ties 
and concrete roofs in the same percentage. The interpretation of these data is basically the 
same as for the previous data set (damage levels/strengthening devices), that is, the presence 
of a given strengthening device pattern on a wall does not exclude the possibility of partial 
failure mechanisms developing, involving the unrestrained storeys. The ambiguities of these 
results, due to the incompleteness of the original set, particularly stress the importance of 
describing the strengthening device pattern on the wall under examination, storey by storey, 
according to the criterion proposed in §3.3.
20
o
□ Out of plane - total colapses
□ Out of plane - partial collapses
□ It plane
□ Colapse of additional elements






Figure 4- 24 Damage levels and strengthening Figure 4- 25 -  Failure mechanisms and strengthening
devices devices
The relation between the damage level and masonry types is highlighted in Figure 4- 26. 
Despite the small size of the building samples, some interesting conclusions can be drawn, 
particularly for the most common masonry types surveyed in Nocera (such as A2, Bl, Cl, 
D2). Buildings with the best quality of masonry were subject to damage levels slightly lower 
than those with poor fabric layouts: type A2, which can be considered as the best prototype of
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those considered, shows damage peak for level D2, unlike types Bl, C l, D2, whose peak is 
closer to or even exceeds level D3.
The results also outline a notable increase in the damage level when passing from the 
first prototype (like A l, C l, D l) of each macro-class to the poorer type such as A2, C2, D2. 
This can be considered as a confirmation of the order in which the fabric layouts surveyed 









Figure 4- 26 -  Damage levels and masonry types
This issue is particularly relevant in the charts of Figure 4- 27, which can be used to 
check the reliability of the criterion according to which the masonry types have been paired 
and then ranked. Notably, the second A and D classes show a general increase in the damage, 
passing from type 1 to type 2. This is also true for class C, as can be observed by comparing 
the average damage levels (0.4 and 0.5). However, while type Cl shows presence of all 
damage levels, type C2 is entirely characterised by a single damage level D3.
Finally, by comparing the stonework fabrics, i.e. A, B and C, a progressive worsening of 
the structural behaviour can be observed in terms of the average damage level registered.
When examining the results obtained in Figure 4- 26 and Figure 4- 27 it should be 
underlined that, although the mechanical quality of masonry plays a central role in the
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definition of the structural performance and of the associated damage level of buildings, the 
results obtained have also been influenced by the intrinsic structural peculiarities of each 
building. A more effective comparison of the mechanical performance of different masonry 
fabrics should be carried out by keeping the other structural features of the buildings 
constant.
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Figure 4- 27 -  Damage level distribution for each type o f masonry fabric
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4.5 Critical discussion on the survey method
The results achieved in the previous sections enable some considerations to be drawn.
On the one hand, the incompleteness of some data items with respect to those required by 
the survey form of §3.3 highlights the ineffectiveness of information relating cumulatively to 
the whole fa?ade rather than to individual storeys. This lack of completeness does not allow a 
full understanding of how the failure mechanisms surveyed occurred, since some failure 
modes could have a partial onset, involving only those storeys where no strengthening devices 
have been implemented. This leads to the conclusion that information can be better processed 
when recorded per storey as proposed in §3.3.
A more crucial issue characterising the survey procedure is that it operates through a 
range of failure mechanisms which the surveyor, when operating in a post earthquake 
situation, is required to recognize. The charts of Figure 4-21 and Figure 4- 22, displaying the 
failure mechanism distribution obtained for Nocera Umbra, highlights a net prevalence of 
certain failure types, such as A, Bl, B2, and a rather small percentage for mechanisms like 
F,D,G,I,L.
The reasons for this result can be attributed, on the one hand, to the local characteristics 
of buildings, so that in every historic centre some mechanisms are more frequent than others 
(A.Giuffre, 1993). On the other hand, failure mechanisms undoubtedly exhibit different levels 
of recognition feasibility. For example, failure F can be recognised only if horizontal 
deformation along the wall is observed together with the presence of one horizontal and two 
vertical cracks at its extremities. In the event that the wall under observation is too high to 
allow an accurate inspection of the upper part, this particular mechanism can go unobserved, 
especially if the damage is also quite low.
The issue of the different level of recognition feasibility can also affect some structural 
characteristics or reinforcement types required by the survey form. A typical example is 
represented by ring beams, not always visible from the outside, especially when the wall 
under examination is particularly high. Sometimes concrete ring beams are placed in the 
internal face of the external wall. In this case only an accurate inspection could reveal their 
presence.
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Moreover, when surveying the strengthening devices, their real effectiveness can never 
be assured. Metallic ties and ring beams may have lost their structural effectiveness for 
several reasons, or they may have been implemented incorrectly, thus compromising their 
effectiveness. A typical example is a concrete ring beam on top of the building, not 
connected to the walls where it is placed. In this case, its presence often causes a general 
worsening of the seismic performance of the building.
All these aspects can easily lead to under- or overestimating the structural performance of 
the building in question, and can also help to clarify some controversial results emerging from 
the survey, such as the ones of Figure 4- 24, comparing the strengthening devices 
implemented with the damage levels surveyed.
4.6 Conclusions
This Chapter was dedicated to the discussion of the results achieved by the inspection of 
the historic centre of Nocera Umbra, hit by an earthquake in 1997 and the applicability of the 
survey method introduced in Chapter 3.
Though some missing data do not allow further correlations, the results obtained are able 
to provide a satisfactory report of the main structural features of the sample under 
examination, by describing its general features, strengthening types, masonry fabrics and 
damage caused (damage levels and failure mechanisms identified).
To sum up, the following conclusion can be drawn:
• The buildings of the sample, having between 2 and 5 storeys, show a high level of 
alteration compared to the original structural types;
• Masonry fabrics, when original, are generally characterised by medium quality (type 
Bl); reinforcements are widely used, the most common being metallic ties. The use 
of concrete roofs, to substitute the original timber structures, is very frequent and not 
always associated with the presence of ring beams;
• The average damage level is D3, and this level also represents the threshold beyond 
which also failure mechanism were identified during the survey;
• In the range of Figure 4- 20, the most common collapses are comer failures, in 
plane shear, and the collapse of additional elements (C , H, J respectively). When
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looking at the cumulative results, out-of-plane partial collapses (C, D, E, G) prove to 
be the more frequent than out-of-plane total collapses (A, Bl, B2, F), in-plane 
failures (H, K), or additional wall portions (J).
Finally, in §4.5 a discussion on the applicability of the form has highlighted the 
importance of collecting the survey information for each individual storey of the building, as 
proposed in §3.3.3, while cumulative data relating to the whole fa9ade make the results 
difficult to compare. Some considerations are finally drawn on the different level of 
recognition feasibility of the failure mechanisms.
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CHAPTER 5
SEISMIC VULNERABILITY ASSESSMENT: 
APPLICATION TO THE HISTORIC CENTRE OF NOCERA UMBRA
5.1 Introduction
This Chapter discusses the results obtained by an application of the FaMTVE 
vulnerability assessment method to the historic centre of Nocera Umbra.
The results, presented in terms of seismic vulnerability and failure mechanism 
identification, are also discussed first in relation to the structural features surveyed, (as 
described in Chapter 4), and then compared with the damage observed.
While the comparison between predicted and actual failure mechanisms can be easily 
made, the correlation with damage levels is more controversial.
Although a considerable amount of literature is available concerning the definition of 
damage classes and their relation to earthquake intensities, little work has been carried out 
trying to correlate damage levels, earthquake intensities and structural behaviour defined by 
failure mechanisms (see Chapter 1).
As introduced in §3.7, the vulnerability assessment provided by the method represents an 
intrinsic feature of the building, which is independent of the earthquake intensity and hence 
cannot provide a measure of the most likely damage level to which the building would be 
subjected as the result of an earthquake of given severity.
An attempt to devise a method of correlation between damage levels experienced by each 
building and predicted vulnerability is proposed and critically discussed in §5.3.1.
The correlation between actual and predicted failure mechanisms is discussed in §5.3.2 
and in §5.4 some conclusions are drawn about the correlation results and the overall reliability 
of the method proposed.
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5.2 Critical load factors, failure mechanisms and seismic vulnerability in the sample 
surveyed
5.2.1 Critical loadfactor and failure mechanism distribution
Buildings and relative facades analysed with the FaMTVE method are those highlighted 
in red in Figure 4-3, showing a map of the historic centre of Nocera. Figure 5- 1 outlines the 
distribution of the critical load factors (p) obtained for each building over the sample 
analysed. In order to make the map more readable, 4 p ranges have been defined, with the 
upper range p>0.4, corresponding to very good seismic performances.
An histogram of the results obtained is presented in Figure 5- 2. As can be observed, the 
histogram does not provide a typical normal distribution, which is usually assumed when 
statistical models such as PSI or DPMs are developed (Spence et al.1991, Whitman et al. 
1973). This could be attributed to the small sample of buildings considered in the analysis 
(around 100), but more probably to the different approach pursued. The normal distribution 
assumed by the methods mentioned above relates to observed damage, and is calibrated on a 
large amount of data gathered from different earthquakes. As outlined in §1.4.2, atypical 
distributions or incomplete data are corrected or filled by statistical processes, such as 
binomial functions (Braga et al., 1982b). Unlike these approaches, the FaMIVE method is 
based on the prediction of the structural performance of the building under seismic action, 
which is independent of the observed damage and depends on several factors, mainly of a 
structural nature. This leads to the conclusion that the histogram of Figure 5- 2 should be seen 
as the result of the combination of the numerous parameters involved in the analysis 
interacting with each other, which does not necessarily imply that the critical load factor p 
follows a normal pattern, as the “types” of failure will be different.
The histogram in Figure 5- 2 shows that almost 50% of the buildings in the sample have 
a critical load factor p <0.2, and 66% <0.3. Consequently, 34% of buildings are characterised 
by a rather high p >0.3.
To sum up, the critical load factor distribution, with an average value of 0.36, shows that 
only earthquakes of medium intensity are able to produce significant damage on the building 
sample under examination.
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Figure 5- 1 — Distribution o f critical loadfactors /j over the building stock
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Critical load factor distribution
BUILDINGS
Figure 5 - 2 -  Critical load factor (p) distribution in the sample surveyed
Figure 5- 3 and Figure 5- 4 show the distribution of the critical load factor and associated 
failure mechanism of each building. The charts are plotted against two slenderness ratios 
which qualify the mechanical performance of two groups of failure mechanisms: out-of-plane 
mechanisms such as A,B1-B2,C,D,E,F are mostly influenced by the ratio H/t (Figure 5- 3), 
whereas the H/L ratio exerts most influence on failure modes such as horizontal arch (G/Gs) 
and in-plane failure (H) (Figure 5- 4).
The critical load factors obtained can be observed to range between 0.04 to 0.45, while 
the ranges become smaller when associated with each failure mechanism. The chart also 
enables the failure mechanisms to be ranked according to upper and lower boundaries defined 
by relative minimum and maximum p values. It is possible to observe how buildings with in­
plane failure H are characterised by rather high load factors, which correspond mainly to the 
friction coefficients assigned to the relative masonry fabrics, as outlined in §4.3.2.
Figure 5- 5 shows in how many cases each failure mechanism considered is critical, i.e. 
the one with the minimum load factor (p). One can observe that the most frequent failure 
mode is in-plane H (26.5%), followed by B1-B2 associated with 17.6% of buildings, D and E 
(16.6% each), and A (6.8%). Failure mechanisms such as C and F have both been associated 
with almost 2% of the total buildings, corresponding to just 2 buildings for each failure mode.
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Figure 5-4  -  Critical load factor (p) distribution
failure mechanisms plotted against the slenderness H/t
for failure mechanisms G-GS and H, plotted 
against the slenderness H/L.
Figure 5- 6, shows a histogram displaying the average p values for each failure 
mechanism, ranked upwards. The histogram indicates a certain correspondence between low 
p values and partial failure modes (such as D,G,C), with p ranging from 0.11 (D) to 0.16 (C). 
Failure mechanisms involving the whole facade/storeys such as A,B1-B2,E,H correspond to 
progressively higher p values, ranging from 0.17 (A) to 0.37 (H).
However, the average values for failure mechanisms such as C and F cannot be 
considered fully reliable, due to the very small sample of buildings associated. In particular, 
the average value of 0.13 found for F depends on the peculiarities of the two buildings 
considered, both characterised by a total lack of lateral connections.
Critical load factor distribution far each failure mechanism
Failure mechanism distribution
B1-B2 C D E F 
Failure mechanisms
G-Gs G C A B1-B2 
Failure mechanisms
"n. buildings" % build ings
Figure 5-5  -  Failure mechanism distribution Figure 5 -6  -  Average p  distribution for each 
failure mechanism
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Diagrams of Figure 5- 7, Figure 5- 8, Figure 5-10 highlight the role exerted by certain 
structural features in the seismic performance of the building stock surveyed.
The diagrams show the p distribution, as a function of the slenderness ratios of the 
facades, respectively in relation to maintenance level, masonry fabrics and presence of 
connections between facade and orthogonal walls. This also enables the effectiveness of the 
relative variables processed by the method associated with these structural features to be 
tested.
Figure 5- 7 shows a fair correspondence between low levels of maintenance and low 
level of the seismic performance, i.e. low p values, and vice versa as one would expect. Good 
maintenance levels associated with low p values, are obtained in just a few buildings, and this 
apparently controversial result clearly depends on the further structural parameters involved in 
the analysis, which also exert a direct influence on the seismic performance of buildings.
Similarly, Figure 5- 8 shows the relation between critical load factors p and the masonry 
fabric, highlighting the importance exerted by each masonry type in the definition of the 
ultimate load factor of the building. In the diagram of Figure 5- 9, the masonry types, 
introduced in §4.3, are ranked in relation to the relative average p obtained.
The ranking can be seen to agree with the classification made in §4.3.2 defining the 
mechanical quality of each masonry layout, and thus represents a validation of the process 
followed in the mechanical definition of structural types. Masonry types A1/2 and D1 (ashlars 
and brickwork respectively) are the ones associated with the best structural performance (see 
Table 4-1), followed by types D2, Bl, Cl, C2, for which decreasing effective sliding surfaces 
(field M-3 of Table 4-1) as well as friction coefficients are assumed. The ranking shown in 
Figure 5- 9 is also validated by the survey results discussed in §4.4.2 and highlighted in 
Figure 4-26. Figure 5- 9 shows that buildings featuring good masonry types such as Al/2, D/1 
are characterised by average p values ranging from 0.41 (Al) to 0.27 (Dl). Poorer fabric 
layouts (D2, Bl, Cl/2) show decreasing ultimate load factors down to a minimum of 0.12 
obtained for type C2. However, average p values obtained for types Dl and C2 are obtained 
on few buildings (2 and 3 respectively) so that the average value obtained has little meaning.
Considering Figure 5- 10, it can be observed that buildings with both connections are 
associated with rather high p values, with average of 0.23. Buildings with 1 or no connection
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clearly show reduced structural performances, although higher p. values are obtained for 
buildings with no connection at all. This result, which could be considered controversial, can 
be attributed to the massive presence (in buildings with no connection) of strenghening 
devices which led to an improvement of the original structural performance and hence to 
higher load factors.
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Critical load factor distribution for different connection 
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Figure 5 - 1 0 -  Critical loadfactor (n) distribution for different levels of connection to orthogonal walls
5.2.2 Seismic vulnerability distribution
Figure 5- 11 (a) plots out the Failure Extent and Structural indices (If and Is, §3.5.1) of 
the whole sample relative to lower boundaries, central values and upper boundaries 
respectively, obtained according to the criterion introduced in §3.6, relying on input data 
reliability. It is evident an increase in the values of indices when passing from lower to upper 
boundaries data set, which corresponds to an increase in vulnerability levels.
Figure 5 - 11  (b) compares the distribution of the vulnerability classes percentages 
relative to the three data sets. As it can be noted, lower and upper boundaries percentages 
show a notable decrease/increase in vulnerability classes compared to the central values, 
particularly for Low and Very High Vulnerability classes which pass from 38% and 1.9% to 
26% and 17.4% respectively. Medium classes are present averagely in the same percentage in 
the three distributions, while High vulnerability shows a light decrease when passing from 
lower bound to upper boundaries distribution, and this is mainly due to the fact that some 
buildings pass from High to Very High class. The notable difference between lower and upper 
boundaries depends on the Low level of reliability associated to all the input data of the 
sample, except from few buildings surveyed in detail to which a High vulnerability was 
assigned. The difference between the two boundaries would have been lighter in case of more
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accurate surveys and hence quality of information. The central distribution, which is 
considered as main reference for further considerations and correlations, show 30% of 
buildings in the sample with Low Vulnerability, and 38.8%, 26.2% and 5% respectively in 
progressively higher classes.
Figure 5-12 shows the distribution over the building stock of the central vulnerability 
classes obtained with the FaMIVE method. Despite the marginal role exerted by the urban 
position of the building in the vulnerability assessment process, a light increase of 
vulnerability levels in buildings placed at block edges than in those in intermediate positions 
can be observed.
Figure 5- 13 plots out the central Failure Extent and Structural indices of the whole 
sample against the relative vulnerability classes obtained following the criterion introduced at 
§3.7. The diagram emphasises the novelty of the procedure proposed for evaluating the 
vulnerability.
Unlike other procedures based on mechanical approaches (see Chapter 1), the 
vulnerability class is processed as the combination between the two parameters, which leads 
to identifying different ranges for the vulnerability classes outlined in Table 3-6. Exceeding a 
given threshold of If or Is does not necessarily imply the passage from one class to another, 
but requires the index value to be combined with the ranges corresponding to the 
complementary index.
Lower and upper bounds for Is and If
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Figure 5-11 -Lower, upper and central bounds results of: (a) - /, and If distribution -(b) - vulnerability
classes percentages;
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Figure 5- 12 -  Distribution o f the seismic vulnerability classes over the building sample
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The diagram of Figure 5- 13 shows that buildings characterised by similar p, i.e. the 
same Structural index, but different Failure extent indices are associated with different 
\ulnerability classes. The diagram also enables the identification of the field of existence of 
each vulnerability class as a function of the two indices, although the building sample is too 
small to allow exploration of some empty areas of the diagram.
Holes in diagram, for Is >45 and If <40, or Is >20 and 80< If <50, could be filled by 
widening the building sample or by including data from different historic centres.
However, it should be considered that empty areas in the diagram could also be due to 
the fact that the two indices are not completely independent; they could also depend on the 
importance factor associated with failure mechanisms in Table 3-4. Such considerations could 
lead to the conclusion that buildings with high Structural index and low Failure extent index 
are unlikely to occur.
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Figure 5- 13 -  Vulnerability classes plotted against Failure Extent and Structural indices (normalised on 100)
Figure 5- 14 correlates the vulnerability class distribution with the strengthening devices 
of all the building stock. It can be noted that the presence of strengthening devices leads to a 
considerable decrease in the vulnerability if compared with the percentages obtained in their 
total absence. The cumulative histograms outline that, in the first case, 45.8% of buildings 
show Low vulnerability while 41.4% and 12.8% respectively show Medium and High. In the 
total absence of strenghening devices, the percentages become: 30.2% Medium, 54.6% High, 
15.2% Very High, showing a notable increase in seismic vulnerability.
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Analysing the effects produced by each strengthening type clearly outlines the effective 
role exerted by ring beams at the top and ring beams with ties, whereas the results for ties and 
concrete roofs are not so evident. In the first case, characterised by 27%, 56.8%, 16.1% for 
Low, Medium and High classes respectively, the apparently controversial results, are due to 
the fact that the histogram is related to cumulative percentages of buildings in which only 
some storeys could be anchored, leaving the remainder free, and hence vulnerable. As a 
matter of fact buildings restrained by ties at low storeys could be subjected to partial collapses 
at upper storeys, and hence their seismic vulnerability is not necessarily low.
The percentages shown in Figure 5- 14 for concrete roofs, similar to the survey 
percentages shown in §4.4.2, include buildings that could also be restrained by ties and ring 
beams.
The results show that 59% of buildings are associated with a Low vulnerability class, 
followed by 27.4% and 13.6% assigned to Medium and High classes respectively. This result 
correlates fairly well with the damage level distribution associated with buildings having 
similar features (Figure 4-24), according to which around one half of the buildings were 
subject to low damage (<D3) and the remainder to damage >D3.
However, it should be considered that these results are conditioned by the possible 
presence of strengthening devices associated with the presence of concrete roofs.
When looking at buildings with concrete roof only, (although there are very few in the 
sample considered), the average vulnerability clearly increases: 75% of buildings are 
associated with Medium vulnerability and the remaining percentage with High.
One aspect to underline is that the results obtained are strongly conditioned by the 
assumption that the strengthening devices surveyed in the wall under examination are always 
effective, i.e. the ring beams are always anchored to masonry walls and ties never fail under 
tension nor the masonry around them in compression. However, it is reasonable to suppose 
that a certain percentage of strengthening devices could have lost their effectiveness and 
hence could not prevent some failure mechanisms occurring. This leads to possible limitation 
of the method, which may produce final vulnerability levels slightly lower than the actual 
values.
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Figure 5 - 1 4 -  Vulnerability classes and strengthening devices in the sample under examination
5.3 Correlation between forecast and surveyed damage
The validation of the results can be carried out by measuring the correlation between the 
set of data on the damage investigated obtained from the survey, and the dataset of forecasts 
produced by FaMIVE.
While in the case of failure mechanisms a comparison between surveyed and predicted 
data is fairly straightforward, the major difficulty arises when dealing with damage levels. In 
the next section, the method adopted for correlating the damage levels with FaMIVE results 
will be critically discussed, followed by a discussion on the correlation between actual and 
forecast failure mechanisms.
5.3.1 Damage levels: a criterion for appraisal o f correlation
As introduced in §3.7 the seismic vulnerability is defined as a function independent of 
the earthquake intensity but dependent upon the ultimate capacity of a building to resist 
earthquakes (p), corresponding to a given failure mechanism and a percentage of facade most 
probably involved. The critical load factor p value is assumed to correspond to a failure at an
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incipient stage associated with a moderate damage, represented by level D2 (from the 6-point 
scale of EMS ’98). This is equivalent to assuming a certain ductility in the mechanical 
behaviour of masonry walls, which means that the failure mechanism will have to develop 
completely before producing a total collapse (by overturning or sliding).
Since the results produced by the method, (i.e. Structural and Failure Extent indices, 
defined in §3.5, producing the fined Vulnerability levels) are independent of the earthquake 
severity, they are not able to forecast the damage pattern in terms of likelihood of damage 
level or damage scenarios. Consequently, an attempt to devise a proper criterion to establish a 
reliable correlation between surveyed and forecast damage is developed.
The literature available on the damage evaluation contains a large amount of work 
dealing with observed damage, whereas the approaches aimed at forecasting damage are 
much more heterogeneous (see Chapter 1). Moreover, not all the methods try to correlate 
damage levels, earthquake intensities and structural behaviour defined by failure mechanisms 
(Bemardini et al. 1986,1999), (Spence et al., 1991,1992a,b).
As underlined in Chapter 1, the correlation between damage and earthquake is basically a 
probabilistic problem, and damage can be predicted by setting up proper probability models 
(Bemardini A., 1986), or using large amounts of data from different earthquakes aimed at 
creating damage scenarios (Braga et al 1982, Coboum et al., 1992, Dolce, 1996, 1997, 2000, 
Faccioli et al.1999).
When large amounts of data are not available, an alternative approach is based on the 
identification of deterministic fragility curves (earthquake severity/damage levels) which best 
match the structural features of the building types under examination. This method can be 
considered sufficiently reliable only when each building sample is described by appropriate 
functions, while the use of the same fragility curve for any location and structural type would 
yield unreliable results, as in the case of the Italian GNDT method (§1.4.3), based on a tri- 
linear fragility curve calibrated on a single building sample (Guagenti et al., 1989).
From a structural point of view, the damage level, is defined by EMS ’98 (Table 4.2) as 
the response of a building in terms of relative displacements, when subjected to an earthquake 
of given severity.
However, as outlined in §1.4.4, the displacement capacity of masonry buildings is not 
easily formulated because several variables influence the structural behaviour. The method
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proposed by Calvi (1999) to formulate the displacement capacity of masonry buildings cannot 
be considered fully reliable as this is based on the formulation of the structural performance of 
r.c. structures, while the extension to masonry is rather arbitrary (§1.4.4).
Previous research on the same topic (Lewand et al., 1978, Powell et al.,1988), has 
proposed approaches based on deterministic functions, to define the prediction of the 
structural damage, in order to speed up vulnerability evaluations.
Particularly relevant in this context is the work of Powell et al. who propose a two 
criteria method: the first is based on the balance between a demand parameter of structures 
and their corresponding capacity, and the second on the degradation of structural parameters. 
For each criterion one or more damage parameters are processed, and from these a structural 
damage index is finally calculated. It is worth noticing that this index can also be related to 
the economic damage estimates. The method is interesting, as it attempts to devise simplified 
criteria to predict the structural damage without being based on processing data sets of 
previous damage. Its limitation is that it requires highly accurate evaluation of the structural 
parameter, and hence its suitability in extensive vulnerability investigations is limited.
This discussion leads to a better focus of the most appropriate way to correlate the 
observed and forecast damage:
• On the one hand, in the building sample under examination, the damage-related data 
involve a rather small set, and all associated with a given seismic severity. This 
would not allow any damage probability matrix to be created, since a large damage 
distribution from different earthquake intensities would be required.
• On the other hand, the theoretical model assumed for predicting the structural 
performance of masonry buildings introduced in Chapters 2 and 3 is not able to 
predict damage levels to which buildings would be subject under the effect of 
different earthquakes, as the seismic vulnerability is considered independent of 
earthquake intensity.
These considerations lead to the conclusion that the data set available can be processed to 
set up fragility curves correlating earthquake severity with damage levels. It is assumed that 
earthquake severity is measured in terms of Mean Acceleration, while the Peak Ground 
Acceleration recorded in Nocera cannot be considered reliable (Camassi, 1997, Capotorti, 
1997), as introduced in §4.2.3.
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According to the assumptions made, a building with a given p value, undergoes damage 
of level D2 when subjected to an earthquake of severity A/g =p.
In other words the first point of the hypothetical fragility curve of a given building is 
represented by its p value associated with damage level D2.
However, it could be argued that if the same building was subjected to stronger 
earthquakes (A/g >p), it would probably be subjected to higher damage levels or it could pass 
from one critic mechanism to another.
Consequently, for earthquake severities progressively higher than A/g =p, the crack 
pattern of the building would widen, until a total collapse corresponding to damage level D5, 
is reached. Conversely, earthquakes severities lower than p would produce less damage on the 
building under examination.
The patterns of the vulnerability function before and after the point p/D2 are unknown, 
and mainly depend upon the ductility of the building under examination.
Considering that the structural behaviour of masonry buildings is basically characterised 
by inelastic behaviour preceded by an initial short elastic phase, a first straight segment is 
assumed up to damage level D2, followed by a curvilinear pattern showing a rapid increase in 
damage for a rather small increase in earthquake severity.
The two patterns of the function are formulated as follows:
(for><D2) A/g,  = A! g , \  + a-  A! g2»  .. ,  .  , (5-1)
J
(for />D2) A/g,  = (^ /g)(;;1)' '  • p  <5-2)
0 - 1)
where:
i is the damage level, represented by a discrete variable ranging from 0 to 5;
A/gi is the value of A/g required to produce damage of level i;
A/g2 is the value of A/g required to produce damage of level D2, and hence is equal
to the p value;
a  is a variable ranging from 1 to 2 governing the inclination of the diagram up to
damage level D2;
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P is a variable ranging from 1 to 2 governing the inclination of each segment of the 
diagram from damage level D2 to D5;
The two variables, being unknown, have been identified by an optimisation process in 
order to maximise the correlation between the surveyed and forecast damage (Figure 5- 15). 
The process has led to a maximum correlation factor of 0.63, obtained for values of the two 
variables a  and p, respectively 1.8 and 1.2.
The correlation has been carried out by considering an Mrsa (Mean Response Spectrum 
Acceleration) of 0.4, (as average of the 4 acceleration peaks registered before and after the 
peak ground acceleration), instead of the overestimated PGA registered on the 26th of 
September (0.56). The Mrsa has been calculated after a careful examination of the 
accelerograms, particularly that registered at 11:40 a.m, which has enabled the most 
significant peaks around the PGA value to be highlighted.
The diagram of Figure 5-15 displays the distribution of damage levels for each building 
plotted against their calculated p (green dots). This distribution is compared with that 
associating damage levels obtained from the fragility curves of Figure 5-16 with the same 
values of p, relative to the building under examination (red dots).
The fragility curves obtained (Figure 5-16) for building types with different p values 
show a first straight and very steep segment followed by a more gentle curve for damage 
levels greater than D2. As with the GNDT fragility curves (CNR-GNDT, 1993), the onset of 
damage is associated with A/g >0, although in the case of GNDT the functions follow straight 
segments up to level D5.
The curves proposed also allow the creation of damage scenarios. Figure 5-17 shows the 
cumulative results, expressed in building percentages, obtained for each damage level, in 
relation to different earthquake severities. This diagram offers a further opportunity for 
correlation, by comparing the actual damage level distribution caused by the 1997 earthquake 
with that forecast. The resulting correlation factor (0.68) can be considered fairly acceptable.
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5.3.2 Correlation between failure mechanisms surveyed and forecast
The method proposed is further validated by comparing the results produced by 
FaMTVE in terms of failure mechanisms predicted with those recognised in the survey 
introduced in §4.4.2.
Figure 5-18 displays the results side by side in terms of the cumulative percentages for 
each failure mechanism surveyed and predicted. As can be noted, the correspondence is rather 
good, particularly for global mechanisms* (A, B1-B2), while for partial overturning 
mechanism, such as D, E and G the forecast percentages are considerably higher than those 
observed. These results clearly indicate the tendency of the procedure to favour some 
mechanisms to the detriment of others.
This issue leads directly to a re-examination and critical discussion of the process by 
which each failure mechanism is screened and the seismic vulnerability evaluated.
As described in §3.7, the final vulnerability class, obtained as a combination of the 
Structural and Damage Extent indices (§3.5), does not necessarily correspond to the highest 
vulnerability of the building, since it focuses on the lowest collapse load factor of the 
structure.
The Failure Extent index is involved in the vulnerability assessment only once the failure 
mechanism has already been screened, so that it is not totally independent of the other index.
In other words, the vulnerability resulting from this process tends to “privilege” failure 
mechanisms associated with very low p, such as D, E, G and Gs, while failure mechanisms 
whose onset requires a higher amount of energy, such as F, Bl or B2, are less likely to occur.
Figure 5 -18  highlights the presence or absence of correlation, between the failure 
mechanism recognised and predicted for each building. The correlation between these two 
sets of data (0.76) is fairly acceptable.
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Figure 5 - 1 9 -  Failure mechanism surveyed andforecast: check for all the buildings of the stock
5.4 Conclusions
The results achieved by FaMIVE, in terms of p, failure mechanism likelihood and 
vulnerability classes enable the following conclusions to be drawn:
• The average p obtained over the building stock analysed is 0.36. Unlike other 
statistical methods such as PSI or DPMs (Spence et al.1991, Whitman et al. 1973) 
the p distribution does not follow a normal pattern, since it is independent of the 
observed damage but depends on structural factors interacting with each other;
186
An integrated methodfor the assessment of the
Seismic Vulnerability o f Historic Buildings
Ch a pter  5 
VULNERABILITY ASSESSMENT:
APPLICATION TO THE HISTORIC CENTRE OF NOCERA UMBRA
• The correlations between p values and some structural features such as maintenance 
levels, masonry fabrics and connections with orthogonal walls are fairly good so that 
good structural features generally correspond to a rather high p. Anomalies are due 
to the several other factors influencing the structural performance of buildings;
• The distribution of seismic vulnerability over the urban layout is able to highlight 
some typical features such as the increase in vulnerability levels for buildings placed 
at block edges. However it is not possible to draw definitive conclusions because of 
the small number of blocks in the sample and the neglect of some important features 
such as the interaction between adjacent buildings, which could be included in future 
development of the method;
• The distribution of the Structural and Failure Extent indices in the diagram of Figure
5- 13 shows some empty areas which could be attributed to the small number of 
buildings considered in the sample or to a certain dependence between the two 
indices which could mean that buildings with high Structural index and low Failure 
Extent index are unlikely;
• The correlation between strengthening devices and vulnerability classes is rather 
good. However, reinforcements are considered as always effective, i.e. ring beams 
always anchored to walls and ties never failing under tension. This assumption could 
produce final predicted vulnerability evaluations slightly lower than the one leading 
to the observed damage;
• The correlation between observed and forecast damage levels is carried out by 
setting up fragility curves (Figure 5-16), relating earthquake severity to damage 
levels, as defined by EMS’98, for building classes characterised by similar p. The 
pattern of vulnerability curves is optimised by maximising the correlation factor 
between observed and predicted damage levels of Figure 5-15.
• The correlation between observed and predicted failure mechanisms highlights that 
the procedure tends to choose some mechanisms in preference of others. This is 
attributed to the fact that the decision criteria is not necessarily associated with the 
highest vulnerability of the building, but to the lowest p of the structure.
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A simple evaluation method has been developed in order to forecast the seismic 
vulnerability of historic masonry buildings.
The method is based on the identification of feasible collapse mechanisms of the most 
vulnerable wall of the building and on the calculation of its associated load factors. The 
mechanical performance is defined by a model of frictional behaviour developed specifically, 
on the basis of which the failure mechanisms are formulated.
The main advantages of the method can be summarized as follows:
• The method is simple allowing the evaluation of a large number of buildings without 
neglecting important features such as structural characteristics and mechanical 
performance of buildings;
• The procedure is based on simplified analytical models based on limit states analysis, 
requiring elementary input data which can be surveyed from the street. The interface with 
the computer program is very quick, so that the time required for investigating, one 
building front can be estimated averagely around 20 minutes (assumed that the 
preliminary survey of §3.3.3 has been carried out);
• A mechanical formulation on purpose developed for ashlars masonry, enables the 
modelling of the shear strength acting along bedding surfaces, as well as the modelling of 
the in-plane failure o f walls. The same model also allows the restraint action acting at wall 
intersections to be formulated and quantified, and on the basis of this more realistic failure 
mechanism can be developed;
• The seismic vulnerability is defined as independent from the earthquake severity and 
depending on the expected mechanical performance of the wall under examination, 
defined by the smallest load factor of the wall under examination which is associated with 
a given type o f failure mechanism as well as with the number of storeys most likely 
involved;
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• The method also allows the level of reliability of information to be estimated on the basis 
of which upper and lower boundaries of the seismic vulnerability levels are defined;
• It could represent a useful tool for urban planning and strengthening policies at urban 
scale, carried out by Town Councils, and could be easily connected to a GIS (Geographic 
Information System).
It should be stressed that although the method takes in exam the peculiarities of each 
individual building, it can be considered more feasible to highlight the vulnerability 
distribution at a large target area in order to allow the extrapolation of the results for the use in 
statistical elaborations and earthquake scenario projects.
Notwithstanding the accuracy of the survey phase as well as of the analytical models, 
some simplifications were necessary in order to reduce the time expenditure. These 
simplifications particularly concern:
• Some internal structures, such as staircases and thrusting vaults, are neglected. However 
the presence of vaults has to be recorded during the survey phase in order to be 
implemented in further developments o f the method, after which data previously 
processed could be re-examined to observe the influence of these structural systems;
• The interaction between adjacent buildings is neglected. The results achieved in §5.2.2, 
show that some salient features of the vulnerability distribution in the urban layout of 
Nocera are highlighted, though a greater accuracy in the results could be achieved by 
modelling this feature in a cluster analysis;
• Soils and foundations are not considered. These type of information are generally very 
difficult to obtain, unless carrying out local trials and investigations. Consequently the 
analytical model is assumed independent from these features, and hence it is not able to 
consider soil amplification factors;
• The frictional model developed in §2.2 relates to an ideal prototype of masonry (“opus 
quadratum”), which can be easily adapted to analyse very regular fabric layouts, such as 
dry ashlars masonry. The same model used for analysing very irregular fabric, where the 
presence of mortar is relevant, such as rubble, is undoubtedly less appropriate. This can 
lead to misevaluation of the total shear strength and consequently of the final 
vulnerability;
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The results achieved in the application of the method in the historic centre of Nocera
Umbra (Chapter 4 and 5), have highlighted the following limitations concerning the
applicability of the method:
• The level of knowledge and experience required for carrying out the type of survey 
introduced in Chapter 2, especially in post-earthquake situations, requires the presence of 
specialised professionals, while less qualified operators, usually working in emergency 
situations, would not be able to reliably identify mechanisms without appropriate training;
• As highlighted in §4.3.2, the description of each masonry type requires the assignation of 
a friction coefficient This process, which should be based on the evaluation of the 
smoothness level of bedding surface, implies a relatively high level of uncertainty, so that 
it could lead to unreliable evaluation o f the Total Shear Strength introduced at §2.2, which 
strictly depend on this value. However, in Chapter 2 it was outlined that the stagger ratio 
s/h and the friction coefficient / ,  influence in the same way the mechanical performance 
of the masonry, so that this can be improved either increasing the ratio s/h or the friction 
coefficient / .  Hence, a possible solution to this problem would be to assign pie-defined 
coefficients /  to macro-classes of masonry (such as ashlars masonry, brickwork and so 
on), which could be carefully estimated on the basis of the literature available, while the 
stagger ratio s/h, much more easier to be surveyed, would be required during the 
investigation;
•  Some problems concern the strengthening devices recognition and their real effectiveness. 
During the survey phase, some strengthening devices such as ring beams or metallic 
anchors can go unobserved since hidden by plaster or placed behind the masonry wall. On 
the other hand, the strengthening devices visible from the street, could have lost their 
effectiveness and hence should not be considered. The results produced by the method in 
both cases could hence loose in reliability, as the screening phase of §3.43 strictly 
depends on the strengthening devices layout;
•  As highlighted in §4.5, failure mechanisms exhibits different level o f recognition 
feasibility. To make an example, failure F can be recognised only if  horizontal 
deformation along the wall together with the presence o f one horizontal and two vertical 
cracks at its extremities are observed. In the case that the wall to be observed is rather
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high to allow for an accurate inspection of the upper part, and also the damage is quite 
low, this particular mechanism can go unobserved. This issue can lead to wrong 
evaluations of damage occurred and consequently to unreliable correlations between 
observed and forecast damage;
Some further limitation o f the method concerning the evaluation of the seismic 
vulnerability can be summarised as follows:
• The Vulnerability level is described in a qualitative way as combination between the two 
indices defined in §3.5.1, while a numerical value would allow more effective correlations 
and statistical elaborations;
• The Vulnerability level mainly relies on the value of the ultimate load factor of the wall 
under examination, rather than on the combination between the two indices defined in 
§3.5.1. This can lead in some cases to setting a final vulnerability level which is not 
necessarily the highest associated with the wall under examination.
6.2 Possible developments of the research
Beyond the limitations above mentioned which could be refined in a future development
of the work, further objectives of a possible upgrade o f the method are represented by:
•  Laboratory tests on different masonry samples should be carried out in order to define in a 
more reliable way the friction coefficients and the effective sliding surface. This would 
enable to set up a range o f likely values for each general masonry class (as dry ashlars 
masonry, rubble, brickwork and so cm);
•  Laboratory tests on different masonry samples should be carried out in order to analyse 
the role o f mortar along joints and its influence in die mechanical performance o f the 
masonry. The results could be used for setting up a more reliable criterion for calibrating 
the ideal “opus quadratum model” with different masonry fabrics realised by thick mortar 
joints;
•  Set up o f a criterion in order to take into exam die likelihood o f ineffective strengthening 
devices. This should lead to define wider gaps between lower and upper boundaries 
defining the seismic vulnerability;
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• Development of a screening process o f the two Indices Is and If in order to be associated 
always with the highest level of vulnerability;
• Set up of a criterion for describing the final seismic vulnerability through a numerical 
value rather than on qualitative descriptions.
• Set up of a integrated procedure in order to correlate the database o f FaMIVE to a GIS, 
such to become a powerful tool for analysing the vulnerability at urban scale, and to 
automatically create damage scenarios;
• Elaboration o f more sophisticated fragility curves based on probabilistic criteria, also 
taking into account the treatment o f uncertainty according to the theory of fuzzy set 
(Blockley, 1992, Ballocco et al.2003, Carpignano et al.2002);
•  Quantification of economical losses;
•  Identification of strengthening patterns in order to mitigate the damage and reduce the 
associated vulnerability.
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Figure A-2 -  Worksheet “Input data'
List of Macros running in worksheet “Input Data”:
Macro 13 (runs by intercative button) => Clear the on line survey form
Macro 7 (runs by intercative button) => Check errors once the input data have been copied
in worksheet “Data Check”. Errors are then 
highlighted in apposite white box in ” Input data 
Macro 12 (runs by intercative button) => Run the caluclation o f all failure mechanisms, by
means o f the following sub-macros:
Sub -Macro 11 (Runs “In Plane”)
Sub Macro 9 (Runs “In Plane”)
Sub Macro 14 (Runs “Out of plane-1 ”)
Sub Macro F (Runs “Out of plane 2 ”)
Macro 19 (runs by intercative button) => Stores input data and results in worksheet “Input
Data ” and “Results ” respectively;
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Figure A-5 -  Worksheet “Inplane”
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List of Macros running in worksheet “In plane”:
Macro 11 => Calulates the crack angles on orthogonal walls by
optimisation process. Sub macros:
Sub Macro Wings 
Sub -Macro Clear
Results are then copied in worksheet “Out o f plane 
1 ” and are used for calculating failure 
mechanisms such as C,B1, B2 
M acro 9 (runs by intercative button) => Calulates crack angles and load factors at every
storey of the facade. Sub macros:
Sub Macro 6,1,23,4,5
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Figure A-6 -  Worksheet “Out o f plane 1 ”
*JT
NUM BS
€> "3  15.35
List of Macros running in worksheet “Out of plane 1”:
Macro 14 => Calulates the horizontal arch effect G/Gs
Failure mechanisms such as A, D,E,I,L are directly calculated in this worksheet without using 
macros.
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List o f  M acros running in worksheet “Out o f  plane 2”: 
Macro F Calulates the vertical arch effect F. 
Results are then copied in Out of Plane 1
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Figure A S  -  Worksheet “Database ”
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Figure A-9 -  Worksheet “Results ”
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